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Expeplments wWere carried out on the aspartate trans-

-

“.carbamylase (ATCase) and*the catalase of tha thermophiIb

Bac1llus stearothermophllus * The ATCase of B. steapother_

.'mophllus was compared w1th that of’ the psychroph111c.¥1br10

pgychroerythrus and wlth the’ publlshed results of thlS en-' .

zyme: from the meSOphlllc éazcﬁﬁromyces cerev1s1ae The_

ATCase act1v1ty or B. ,stearothermophllus ig hlgh 1n the

" early logarlthmlc phase of grbwth and fe115 rapldly to al-
‘most zero by the beglnnlng of the. statlbnary phase : The f\

;OPtimal temperature of - 50 % for B stearothermophllus ATC-_‘

'y;:ase is w1th1n its growth range The psychrophlllc ATCase
hact1v1ty 1ncreases 1n v1tro above the temperature range:-
rﬁfor growth of the organlsm The values of the. energy of "

o _actlvatlon 1ncrease from the psychrophlle through the meso-_-
Iphlle to the tﬁermophlle The enzyme of the thermophlle

-f:-loses onlx_so% of 1ts act1v1ty durlng 2u hours storage at

60° C 1n the absence of substrate but in its presence loses

90% of its act1v1ty in 20 mlnutes. The psvchrophilic e] yme
‘has 50% normal act1v1ty present after one hour at. 37¢ C 1n'f

.presence of substrate, and 1ts act1v1ty does nof decllne

i‘trlphosphate (CTP) may have a. stlmulatory effect upon the .

-

AﬁATCase of B stearothermophllus, at 50 °c and GU C -No con-

,clusmve evzdence for feedback 1nh1b1taon by CTP ras fOUnd

- .

!

-

'durlng 1 hour at 10 o¢ 1n the’ presence of - substrate Cytmdlne
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The oatalaée act1v1ty of a culture of B. stearothehmo-

phllus rlsesYdurlng the exponentlal and llnear growth phases,

‘to reach f’maxlmum before the statlonary phase when about

half the total cell mass is producad It then falls rapidly
- to zero before the statlonary phase ’ Catalase act1v1ty is
measurable 1n whole cells. Act1v1ty is 1ncreased after low

speed centrlfugatlon (500 4 or 30 000 g) of broken cells

Thefe is some loss of act1v1ty after hlgh speed centrlfuga-

.tlon (100 000 g for an hour)g but no aet1v1ty is’ measurable o

in the pellew

9

The optlmum temperatures for tatalase act1v1ty An’ B

stearothermophllus and Escherlchla c011 are about the same

'(MO.C) Slmllar optlma were obtalned in' erude extracts
and cell suspen51ons The rate of increase in catalase

actlv;ty, due to lncreaée in:temperature below the.optimum,

is. greater in cell suspen51ons than 1n crude extracts of

both species, .

L The energy of activation of“the catalase of B. stearo-

C‘thermophllus is between 5 000 and 5 600 calorles/mole in,

. both crude extracts and cell susbensions. The energy of
.activatlon of heat 1nact1vat10n is about HO OQU calorles/mole
in both crude extracts and cell suspen51ons. In contrast the
energy of actlvatlon of E. 2215 catalase 1n crude extracts
-is less than half that of cell suspen31ons Wthh 15 about

6 000 calorles/mole ' The energy of - actlvatlon of heat ln-.

actlvatlon of the catalase of E c011 in cell suspen51ons

S



is 4-5 times thatlin Crude extracts, which is about 15, 000’

.

, calories/moie: These flndlnFS are dlscussed in relaﬂfonshlp

l

-to both the known dlfferences in stablllty and comp051t10n ,

“

' of the cell membranes of the two organlsms, and to thElP’

growth temperature ranges ‘ ‘ L .

Ev;dence for the ex;stence of two- catalatlc componenté

in B. stearotherm;phllus is presented ' One is even more

. heat'lablle than the catalase-of E. COll and is p0551b1y

..

. present in the external cell layers and the other 1s more

ﬁeat stable than that of E coll " '
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B

' L'aspartate tvanscarbamylase (ATCase) et la catalase

.‘»

. W
d'une bactérie thermophale Bac111us stearothermophllus,

'ont ete étudides. - L'ATCase de Bacillus,stearothefmophilus_.

a été comparee a celle d'une.bactérie'psyehfopﬁile- 'Vibrio

psychroery'hrus, a1n51 qu'a celle d'une, levure mesophlle

'Saccharomyces cerev1smae - .Chez Bac1llus stearothermgphllus

1 act1v1te de l'ATCase est trés 1mportante au debut de la

' phase logarlthmlque de la croxssance, elle decroit raplde-

ment et dev1ent prathuement nulle avec le debut de 1a phase

.

;statlonnalre. La temperature optlmale Qour l'act1v1te de

l'ATCase (50 c) est a 1'1nter1eur des llmltes de cr01rsance

de B. stearothermophllus | Chez 1a bacterle psychrophlle

l'act1v1te de 1'ATCase in’ V1tro, croit au dela de 1a limite

de cr01ssance de l'organlsme _ Les valeurs de l'energle‘

.?d'actlvatlon augmentent de la bacterle psychrophlle ala

mesoph11e< et-de la meLophlle a 1a thermophile Les pertes

=dfactivite chez 1a bacterle thermophlle,_sont de 50% aprﬁ

uh passage de 24 heures a 60 C en absence ‘de . substrat, et de g
90% apres .une perlode de -20 mlnutes a 60 C -en présence de

substrat L'acthlte enzymat;que de la bactérle psychrophlle

_est de’ 50% apres une perlode d'une heure a 37 c, elle n'est
pas affectée par un passage .d'une heure a 1o C en presence
.de substrat.‘ Le trlphosphate de cytldlne (CTP) peut stlmuler '

‘1'ATCase de B stearothermophllus a2 50°C et 2 60 C 11 n a

pas ete p0551ble de montrer une retro—lnhlbltlon par le CTP
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L'act1v1te de la catalase d une culture de Ba01llus

'stearothermophllus croit au cours ‘de la. partle 11nea1re de la
L]

.phase exponentlelle de cr01ssance, pour atteindre un maxlmum

avant la phase statlonnalre,Kiorsque la masse cellulalre

produlte est la moitié de la masse totale._ Elle décroft
‘rapidement et dey?eht;hullé juste. avant la phase stafioﬁf'-
'nairé.lﬂactiVité enzYméfique ést mesurée-dans lés éellulésl
.entléres L'act1v1te des cellules cassées augmente aprés_"
1-une centrlfugatlon a falble v1tesse (500 g ou. 30 OOD é)
"On observe une perte d'act1v1te aprés une centrlfugatlon
:a grande vitesse’ QlDU,OOO g pendant une heure), ma;s gucuné
activité n'est mesﬁfébie dans le culot" K |
'Lés temperatures optlmales d act1V1te de la catalése

) A 'f\ . .
sont les meémes (40 C) chez B stearothermgphllus et chez

- Escherichia coli. D%s optima sembiables sonf'Obtenus avéé

1“eftra%t‘brut ou avec la'sﬁspensibn ééliulaifé; L*aﬁé— :
'-mentéti 'de_l'aétivité,de la cétaiése, d0 é une augmentétiohﬂ'
‘de la te péréture (en dessdﬁs de 1'dptimum) est plus élevée
dans‘la' USpen51on cellulalre que dans l'extralt brut, et
.ce, chez \les deux eSpécés IJénergle d'actlvatlon "de 1a cata;
'lase de B c111us stearothermophllus est de l'ordre de 5,000

|
- 000 caﬁorles/mole dans-l'extralt brut-et‘dans la sus-

pen51on cellulalre L'energle d’ actlvatlon de 1 1nact1vatlon
par la ehaleur est de 1'ordre de 40, 000 calorles/mole dans

l'extra1t~brut et dans ‘la suspen51on cellula1re‘- L'energle

d'act1Vat10n de 1a catalase d Escherlchla COll est de 6 000

_ calorles/mole dans. la suspen51on cellulalre, alors que celle

oAt
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Jde 1! cxbrult bruL est’ moitid moindre. L'énergle 4'ucti-

.

fvatlou de l 1ngct1vatioh‘puy lﬁ chulegr de lu catala§e>
dfg.'gégi,'est WA 5 fois plus Glevde déhﬁ la éuspéhsidn,
culLulaire-que Jdans l'uxt?ditfbrut, celte dernidre est de
‘l'ordr dc l),OOO calor es/mole’, _.ées dounéés sont‘iia4
cuteeq en, reldt;on avec les dliielench colnues: iané la

Lablllte et la comp051tlon Jcb membranes cellulalres,

‘ et avece les l1m1t=ﬂ de -la tgmperaturc de cxolssance des

.
4

'dgux_organlsmes. '
Evidernce qui favorise 1 existence _possivle Je deux

catalasés chezjg. gtearotnermqghllus st pru entéu. L'una

-dus catalaaes est plub lablle d-la. chal;ur que ‘elle de

",L' COll. ]lle Lut probaulemenu sltuee dans les couches -

“cellulalrcs extefnes. L' autre est plus sLable que n eot

4

1a catalase d'iB. cold.




INTRODUCTION ' | ‘

" During the last two decades con51derable 1nterest has
ﬂ:been shown 1n organisms that can grow in extreme -environ-
| ments. Attempts have been made to understand the means by.
“which such organlsms carry out metabollc processes in con-~
dltlons whlch inhibit growth of the ma]orlty Attentmon has
centred on ‘the sub cellular and molecular levels of organl-
sation to ascertaln whether any dlfferences between organlsms
_growrng’ln extreme envlronments‘and those growtng-ln;nOn-
._extreme siteations‘might'eipiain‘tne.eecoese of ‘the former
group in the extreme condltlons whlch are normal for them..

| In the pages that follow the concept of an extreme
- environment 1s explalned There is a rev1ew of organlsms
'growlng 1n extremely hot places with spec1a1 empha51s on

bacterla. Those characterlstlcs of thermophlllc organlsms

whlch are held to be. of selectlve advantage arj dlscussed

.DeflnltLon of an extreme env1ronment

Inlorder.to define extreme environments:it'is reqdired
‘to flnd a crlterlon or crlterla appllcable to all. Extreme
_env1ronments have o e or more factors out51de the range in
which most but not all, 11v1ng organlsms grow and caﬂry |
tout life processes. Such factors - are temperature, sallnlty,
oxygen partlal pressure‘or " more generally,loxldatlon;

'reductlon potent1a1 (Eh) watef act1v1ty ( 01 x relatlve

humldlty), nutrlent concentratlon, certaln eleotromagnetlc _

- -

v
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. radiationS'(light' U.V; 1nfra‘red),,1on151ng radlatlons-
ieosmie.raps X- -rays) and hydrostatlc pressure Now, if
we examine environments hav1ng at least one env1ronmental
faotor which'is sub-optimal (or extreme) fOr most known
Lliving things it becomes clear that only a few types of
porganlsms live 1n them Thus most'organlsms cannot exlst
above 60 C or below a pH of 3, 0, nevertheIess.there'are
3'therma1 waters above 60 °c and acid 51tuatlons of less than.
pH 3.0-in whloh ‘a few spec1es th;ave.(Brockj %989);n Life-
probabiy arose'under the'surfaoe of water and'was therefore
protected from the U.V. radiation which oould.penetrate the:
Earth‘s atmosphere Also it 15 thought that a 1ayer of ozone
uas present nJar “the surface of the Earth at thls tlme, bet-
'lween-ulx 109 and 3 x 10g years ago (Bernal and Synge, 1972)
Life possibly originated 3.6 X 1Q9_years.ago but the'Earth'
. is 4.6 x 109 pears oid (Miller-and Orgel, 1974). However
‘:;some organlsms are found grow1ng on hlgh mountalns where
;more U V light and 1on151ng radlatlons penetrate, than at'
low altltudes Llfe arose on Earth in a.redu01ng-atmos- |
phere (Bernal and Synge,‘1972) oonseduently the-first 1ife O
:fwaSwanaeroblc. Later oxygen was formed by photosyntheszs .‘
.which:appeared 3 x 10 yJars ago (Bernal and Synge, 1972),
ofand p0551b1y in-other ways Today some bacterla, 1nclud1ng
the Clostrldla,lof whlch there are about 100 speczes, are
_‘obllgate anaerobes but 1n general life 1s aeroblc today,

and completely anaeroblc sltuatlons support relatlvely few'l

klnds of . organlsms. Few organlsms can exist in saturated

*moreover tue ther probahlv contained- pyrlmldlnes and
purines which mould absorv U.V. nght.



‘able to most organlsms support only a few

- et al., 1970, p. 747},

more extreme the thermal env1ronment the fewer the number

‘of taxonomlc groups whlch are - represented (Brock 1967a)

~3-

salt solution, but - the Dead Sea which is saturateq with salts

is;in'fact not dead in thelsense that no life of any kind

" canh live there. " About eight species of bacteria and two

species of blue-greenﬂalgae are found there. There are no

vertebrates nor vascular plants in any saline lake (Brock,

»

1969) Life is 1mpossmble w1thout llquld water, yet a few

species of anlmals and plants,can-exlst in deserts. by means:

-

of water storingJadaptations'and adaptations’ to prevent.water'

‘Loss _ Most creatures'would.aie if subjected to‘the hydr04

'statlc pressure exlstlng in. the depths of the oaean, yet a

jfew species of flsh ahd somelmlcro organlsms -are found there

(Brbck,'lQGB).. Enylronments low ;n a g;ven nutrlent; for,‘
example available nitrogen; can,support only a few species
capable of.fixing atmOspheric nitrogen. However this is a -

’ spec1al case as. other imicro- organlsms can feed off the nltro-

L .gen flxers or thelr nltrogenous products “In other words

the nltrogen flxers alter the env1ronment so that 1t no longer

l

lS S0 extreme Bare rocks whose m1nera1 content is unavallj

{chens (Stanier,

There are. no vertebrates or vascular plan in thermal

lakes and the upper temperature llmlt for other taxonomlc

"'groups is uo °c for eukaryotlc algae (w1th ohe exceptlon),

45° -51 °c for anlmals, 1nclud1ng protozoa, 56 -60 C for fungl-

}and‘Cyanldlum-caldarum,-a.eukaryotlc alga 73 -75 C for blue-f

.'green algae and greater than 90 € for- bacterla Thus the ’

-,




Brues in. 1932 made a. study of water beatles in N, Ameri-
can’ hot sprlngs and found that the species dlver51ty decreased
|

as the temperature of the hot aprlng 1ncreased up to about

4o®c. - Iﬁ.ljaﬁ Copeland‘found the same phenomenon amonget

blue—green‘algee in Yeéllowstone Park hot sprihgs. The tem-

perdture at which theéy were found ranged up to 75°C. Heimddei

gsimilar findinQS-for bacteria and fungi in high thermal‘ene
R vmronments and 1n very acid envlronments and for bacter}a

in env1ronments rlch ‘in hydrogen sulphlde (Brock 1969)

Thus we can say that the factor common to extreme en-

e v1ronments 15 the small numb r of spec1es found moreover .
‘prec1se llstlng of orgéﬁlsms 1n any glVen extreme envxronment

:1957b) :

shows that there 1s a greatly redueed number of taxonomic”
.groups present.‘ Indeed almost pure culture of micro- organlsms

- are fou d in some extreme env1Lonments (Brock 1959)

e speC1es 11V1ng An ‘extreme: envxronments, hav1ng

| adapt d to ‘the condltlons whlch exclude the majorlty of

other organlsms, may be found in large numbers (Brock- 196?),

' though th;s is'not always soa .Large numbers may ‘be due to .

slack of competltlon for. nutrlents from other species (Brock,

L

1 .
Envxronments hav1ng one 11mnt1ng factor are rare (Brock
1969) Comblnatlons of llmltlng factors 1nc1ude hlgh hydro-

statlc pressure, poor 11ght and low nutrlent supply in deep

'water low temperature w1th brlght 11ght a high 1evel of-
- near U V rad:atlons and low preSSure on hlgh mountalns, re-

:duc1ng condltlons with hlgh temperature and poor light 1n

'muddy waters in troplcal countries. Experlmentally it. may -
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be possible to keep‘all'faotons,oonstant and varysone. ' Hot
spnings are a natufal extreme environment wit ;a'zéﬁoeratufe
gfadient operating-ln_othef@ise nearAldentic 1 conditions of
nutfient supply, light and oxygen c;ncenttation (Brooh, 1967b).
- Not only'may.mone than one factor.be limitingjbut,the,

_effect of a given factor may be indirect,:through-another

-factor;_‘For_example hydrostatic pressure and temperature

L

both affectfthe.solubility of.gasees and-therefore.oxygen'
availabillty is affected“ High tempenatune decreases the
solublllty .of oxygen and the v1sc051ty of water and 1nereases
' 1ts 1onlsatlon ngh pressures 1nh1b1t thermal 1nact1vatlon
:‘of some.protelns (Brock 1969)
Extreme factors in the env1ronment ¢an be excluded
detox;fled llved WIth by adaptatlon of molecular structure,‘

and evén depended.upon (Brock, 1959)

Organisms found in'e%treme envirogments
General remarks Brock (1969) referred to Vallentyne s

1
! o

observatlon that organlsms whlch grow “in extreme env1ronments

“of all kinds have 51mp1e structures. 'In general prokaryotes

are more abundant in extreme env1ronments than are eukaryotes,.

.though this is not true of extremely ac1d env1ronments

Non photosynthetlc prokanyotes can exlst 1n extremely

ffr'hlgh thermal env1ronments that are. out51de the range of

| fphotosynthetlc prokaryotes This has been observed in the
same hot sprlngs along the . temperature gradlent where other
env1ronmental factors, notably pH, light 1nten51ty and mlneral
, content do not vary. Eukaryotee have nuclear and mitochon-
ﬁdrlal membranes -and photosynthetlc organlsms have photosyn-

e
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‘ conSLdered thermophlllc Bacterla have the greatest range;

thetic membranes-(in chloroplasts in eukaryotes). These
membranes are thermolablle in all probablllty as nuclear

membranes must be’ loosely enough constructed to allow the

:passage of RNA, and ribosomes ahd mitochondrial and chloro- -

plast membranes must allow the passage of ATP. The hypo-

Ethesls 1s ‘that more Plgld cell membrane constructlon 1s

L4

‘.Lp0551ble for prokaryotes as an adaptatlon to thermal envm—

- ronments and th;s would be selected for (Brock,_LQBQ).

,'Deflnltlons of the terms thermophlle, mesophlle and psychrophlle

- The term thermophlle frequently applles to organlsms

o grow1ng avae L5 -55 C but it is more restrlcted when a - -
' glven gPOUP‘IS con51dered. Thus eukaryotlc algae that can
' grow'at'BSOC are considéred thffmophllac, protozoa growlngr"'

_f_at 40 -HS C blue- green algae grow1ng at §0° C fung1 grow-

1ng above 55° -50 C ahd bacterla growlng above 55° C are all

"jThey are found grow1ng at. temperatures above 90 C but no -
.spec1es is known w1th an optlmum temperature greater than ;
"770 -75 c. Such bacterla can be classed as obllgate, facul-r
<iptat1ve or thermodurlc (thermotolerant) Obligate thermo-
Jiphlles ‘cannot - grow below u0°-u2 c and have optlmum tempera- :
‘ttures of 65 r70 c. Facultatlve thermophlles can grow at room
temperature and have maxlma from 50 —65 °c and thermodurlc.
fbacterla can grow at room temperature and have maxlma at |
- u45 —50 C (Farrell and Campbell 1969) In earller llterature
d thermophlle was any mlcrobe capable of growth at 55 C

'(Allen, 1953).
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.

Mesophilic micro- organlsms haué/:ptlma of 25Q 40°¢,
.

' mlnlma of 10 °c aﬂd maxima of 45°¢, Psychroph;llc_mloro~

‘organisms are‘capable of growth-at-OOC but have optima up

© or 25 C (accordlng to the authorlty) Organisms

exist. whlch dle above 20 C

These classes are somewhat arbltrary as growth condl-

tionsl(nutrlent-supply! pH, Eh) may vary‘the temperature

limits for a given‘organism (Farrell and Rose, 1957),<

s 4 . I L .
High temperature env1ronments which support»l;fe.

- It 15 1nterest1ng to reflect ‘on the supp051tlon that

‘“'llfe flrst evolved at high temperatures on the coollng Earth.

"At that tla&&&g:h temperatures could not be regarded as ex—

treme conditio 'except in a prophetlc sense. This brlngs--ﬂ

;1nto perspectlve the attempt to define extreme enV1ronments

It is also 1nterest1ng to bear in mlnd that adaptatlons to

growth at hlgh temperature may be elther extremely anc1ent
‘characterlstlcs of 11fe, retalned, or.new characterlstlcs
.arlslng in mesophlles, from mutatlon and consequent natural

,selectlon of adaptatlons favourable to thermophlly

. In addltlon to hot’ sprlngs, geyse nd fumaroles or

'steam vents, naturally occurrlng h;gh temperatures occur

'ln‘desert'sands, sun-heated 50115 whlch may reglster 50°-

70 C dependlng on the tlme of day and the darkness of the_

*_ which are capable of growth at high temperatures.

. soil’ and plles.of rottlng humus (Allen, 1953). From, or from‘

' near, all these situations microorganisms have been isolated . ..




Hot eprihgs are of eonsiderahie;interest for several .
reasons.I Some'are,of great;antiduity-and the.organisms in
them are likely to have remained.undisturbed bj man 'for many N
,centuries (Brock and‘Brook 1966) Recent observatlons have -

' shown that they do- not vary 1n chemlcal thermal and hydro-
floglcal‘propertlee over many_years ‘(Brock, 1§G7a). Thelr,d
.effluentﬁprovides a temperature_gradient as the uaters éra;“
‘dually cool th¢ farther- from the.spring they flow.. Thus it

iS‘possible‘to determine the temperature maxama for differ~

ent-spec;es,lnthegtand furthermore these organpisms are grow- - S %
. ' o : :‘.'-“'.
ing .in identical ¢ dltldns of llght, pH ana nutrlent supply S

-rhie meaﬁﬁ;tbét the effects of temperature, the only varlable, :f
‘can, be elear?y gaugedff Houever‘}n dlfferent hot spﬁans pH .'R%_
may véry-from l;g'orlhigher and:the-amount,of,nutrientsé‘rare
eiements, hYdrogen eulohide andiradioactiuity may vary,. In

some ~hot sprlngs sulphur, or calc1um carbonate or silica may
- . e . /

be deposlted. Ev1dence exlsts for hiéifprlng act1v1ty in
hat organlsms llVlng

'precambrian rbcks, and'1t'1s possmbl

' .in them today may therefore show characterlstlcs of prlmordlal

.llfe better than other mlcro-organlsms. F0551ls of organlsms

_51m11ar to the Flexlbacterlales living in hot sprlngs today are
9

known‘ln Gunfllnt chert 2 X 10 years old, and these rocks were

"probably lald down in hot sprlngs (Brock, 1967a)s

Industrlal 51tuatlons causxng hlgh temperatures 1nclude P
. plles of hay, manure pzles contalnlng plenty of straw, com-
post;heaps,-511age at 60° -65 ¢ (Allen, 1953), heapslof birds'

: neeté, etored grain andieueating‘tobacco (Brock, 1969).‘°-

-

-
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These would all be 1akely to cont4an a very hlgh number of
bacterlal and fungal vegetative . cells and spores, lnltlally,
but they have been. shown to glve rise ‘to a selectlve;growth

£
of thermophlllc organlsms Mlehe ‘in 1907 flrst proved that

“the hlgh tempepature that could develop in haystacks was  due

. to bacterla and’ fungl grow1ng there, and not to: purely chem-
!

‘jlca; causes (Allen, 1953). Wallace and Sinha (1962) found

species of Aspergillua; Penicillium and other.fﬁngi in's;Qred'

,graln at flrst mesophlles were establlshed and ralsed the
2

'temperature by theln metabollc activity and then the thermo- fﬂ;

phlllc,fqngal‘spec1es appeared. %ﬁ;llsh, Bell and Berger

01967)rfound in éweatiné tobacco, Bacillus subtllls, B. coa-

gdlans,pB megaterlum,';. c1rculans, B. stearothermophilus

: and actinomycetes. All were th!?mophlllc stralns 'Fehensteinr'

et a& (1965) 1solated from hay B. llchenlformls whlch formed

»

fllamentous growth at HU-@ Streptococcus fradlae, Thermopolyspora

po Lxspora whlch grew between 57° and 67 C, a*thg;mophlllc actl-.f'

' nomycete and ﬂgaromonoappra vulgarﬁ% which grew at 60 Ce 'ihecgp

philic bacteria and yeasts and probably moulds are essentlal
o .
in the curlng of cacao beans, when tempe tures of 4 —50 C
N

Ideve10p 1n(‘?p plles of pulp and beans scopped £rom the lnslde

" of the pads (Farrell and Rose, 1967)

Other industrially produced hlgh temperature env1ronments
from whlch thermophlllc organlsms have been obtained 1nclude

utlon from reflnerles (Allen, 1953), power plant ef-

fluents Brock 1969), and melted asphalt (Mateles et al., 1967)
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;
They‘ohfainedla'hydrocarbon utiliiing_thermophile from_fhe
latter source and'also from steam condensate, Qastearefinery
wafer, oil-water mlxture, '*‘h water'and the'lawn.of 'fhe
Massachusetts Institute of Technology Cannedrfeod, parti~
cularly when stored in thc'irOpqu, pasteurlslng milke and

canned mllk all‘g:;;Brt the grOwth of. thermOphlllc organlsms

(Al1Zn, 1953). | o

Other sources of fhermophilesr
Micro-organiSms_found'to‘be'thFrmophilie when-edltured

in the labOratorj-have been obtained from‘many situations

‘Wthh are not hot. . The flrst suph organlsm 'was obtalned by

'1M1que1 in’ 1&79 from the Seine. He repcrted in 1888 that

thls organlsm could grow,at 73 C and was 1ncapable of

'growth at 1ower temperatures (Farrell and Rose, 1967)

oy

Slnce then thermophlllc organlsms have been obtalned from _

freshly fallen snow, air, temperate as well as troplcal

soils, salt and fresh water both’ cold“and thermal and raw.

'mllk (Gaughran,r1947) They have also been obtained from
- ocean. bottom mud mud under fresh water, sewage, feees oﬂ;

- man and various anlmals 1nelud1ng blrds, frogs and flshes,

I Pad

ropy'bread, and soil deep in caves (Alleh,'1953)-' This

eﬂely proves that the vegetative cellsdgF spores of organ- -

isms capable of‘growth at hlgh temperaturesfdlthstood the_
.y

~conditions exlstlng in the source from which they were ob-

e

“tained. It is no ‘proof that they were growlng there The

_ dlStPlbuthn of such thermophlllc organlsms, however is an -

enlgmagas ocean bottom mud and 5011 deep 1n caves is far

'away‘from such 11ke1y sources as rottlng vegetatlon, manure

[}
L4
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rFa . . ) .
-and hot springs (Allen. ;953); Thie may'simply_be‘a measure
oflthe'thermophjlically facultatiye poséibilities'bf manyp
.bacteria,’and the ubiQuitoue existence of spores, |

:‘.Ther‘mophillc bacterla . -' . - o -

I‘ ~— Bacterla provide examples of organlsms rowln at
» ‘\f) } =4 E

o the h;ghest temperatures known ‘to allow life. -Host‘are
n'5pore-forming-bacilli but examples of-non—sporuiating

bac1111 are known. These 1nclude Lactobac1llus thermo-~

v

phllus w1th an optlmum of 50 -62 8 C and a range of 30 ©.65°C.

. Thermophlllc sarc1nae, staphylococc1 and streptococc1 (all
Gram p051t1ve cocei) and splrochaetes have also been reported
’pThermOphlllc actlnomycetes from 50115 and compost heaps 1nclude

species. of Mlcromonospora and Thermoactlnomyces. Thermophlllc

streptomy#es are also kriown. and some. 1solates of Nocardla
‘seblvorans and other pathogenlc aeroblc actlnomycetes can

. withstand a temperature of 30°¢ for 10 mlnutes (Farrell and

- Campbell 1669) . | _" .'

| One thermophlllc gram negatlve polar flagellated hydro- -
gen oxldlslng organlsm is. reported from petrollferous 5011
(McGee gt‘gl., 1967)- The plates’ culturlng it were placed'

.,inran'atmoephere of 70% hydrogen- 20%‘oxygen and 10% carbon
Adioxide The authors surmised that. it could be a 'missing ﬁ '
11nk' between anaeroblc ‘and aeroblc life, datlng from the

. time when radloactlve decay llberated hydrogen 1nto the earth'S‘-
atmosphere, which was’ just becomlng an oxldlsed one and there-
fore, for the flrst tlme,.aeroblc llfe was- a p0551b111ty
Presumably ox;datlon of hydrogen wlth now avallable oxygen,
:glves energy to flx carbon 'dioxide and produce carbohydrates
and organlc acids, themselves prov1d1ng the substrates for

By oxldatlve,phosphorylatlon,
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Brock (1969)- cultured- a gram negatlve fllamentous non-
'sporulatlng yellow plgmented organlsm from alkallne hot sprlngs
at Yellowstone Park and Bloomlngton,Indlana.‘ Its 0pt1mum

'temperature yas 70°C and 1ts range Lo, -79 C and it ‘had a
’ . - *

generation time of 50 minutes It could use acetate as a

sole carbon and energy source and ammonium as sole nltrogen

'source Theaor anlsm at flPSt referred to as "YT1" was

*named Thermus aq_aticus (Brock and Freeze, 1969 . .itﬁ.ﬁ
fllaments enabled 51ngle celled blue green algae to grow .
in these waters, ecause they entangled them ' These flla-l
mentous bacterla g ew at 73°-75% but in the laboratory when
in ubated at TOAC in enrlched media they produced non mot11e7~
rods. At hlgher temperatures they were fllamentous, as in
nature} A 51m11ar organlsm has been lsolated from hot tap
'water.. If the same lnocula were 1n;ubated at 55 °c sporen .
formlng bac1111 developed whlch suggested that the others

T are. more extreme thermophlles One’ straln was examlned as
to 1ts sen51t1v1t1es to antl-mlcroblal agents and was found
'to share these w1th other gram negat1Ve bac1111 (except that
1ts sensmt1v1ty to pen1c111n was hlgher) From this it was
'concluded that there was no ev1dence for pecullar propertlesl

"in cell envelope-membrane, rlbosomes or respxratory mechanlsms

'_Ramalay and Hixson (1970) descr1bed a ‘non- plgmented organlsm-?

in other respects resembllng T. aguatlcus

Fllamentous bacterla at Yellowstone also 1nclude some

plnk and whlte ones grow1ng up to 88 C and formlng mats
’_v151b1e to the naked eye (Brock 1967b) At temperatures
f over gopc mxcroscoplc examlnatlon showed fllamentous and

-.rod shaped organlsms.' Brock oon51ders these to be Elgx;_

bacterlales. Early reports were confused because fluorescent o
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. microscopy was not avallable to dlstlngulsh the presence of
,chlorophyll in fllaments less than 1 mlcron in dlameter
'Conseqéently Copeland may 'have descrlbed such organlsms as
algae (Brock, 1967b). . Bauman and Simmonds. (1969) found the
polar lipid and fatty ac1d content of extremely thermOphllla,
'fllamentous bacter1a1 masses from two Yellowstone hot sprlngs
'to resemble that of bacterla not bI\t -green algae and the
-carotene content wasfrdentlcal Wlth.that of ‘bdcteria. The ’
iso-fatty acidsfhad maximum chain'lengths,of 19;earh0ns,_how- :
ever, whereas those for bacterla are 15 This maj'be:an“
__adaptatlon to thermophlly conflrmlng greater strength w1th
flexibility to- the membranes Brock (1967b) has also demons—';
.trated by autoradlography that the fllaments do not flx‘

arbon dioxide. He proved “the ‘bacteria were actually grow-
_1ng 1n temperatures up to 95 59 by 1mmersrng slldes and

';pleces of strlng in the waters and remov1ng "them days later

covered w1th growth, visible to the naked eye He demons— ‘
_"trated by fllterlng the water, that 1t contalned no, free-
'1-11v1ng bacterla, thus the bacterla had not ‘become pa551vely‘

attached to the slldes, but had grown on them Bott and Brock
.'(1969), 1rrad1ated, w1th u.v., such slldes, at 1ntervals, and
<

always found 51gn1f1cantly -fewer bacterla on them than on

' _the controls : . . .
At the altltude of Yellowstone Park water boils at‘QZUC‘
- so some of these organlsms are growxng in superheated water.’
Whatever the dlfference between’ superheated water at 95 C

and waﬁer at this temperature at sea leVel may be, Brock s
(1967b) edhplu51on that there is no_upper temperature llmlt
A_‘for 11fe, so L\hg as there is llquxd water available, seems<



“j be present aven, above thls temperature

S RTOR _ .
) |

valid. . As he p01nted out the highest temperature known

to support llfe may be llmltlng in respect of pH, sallnlty,

forganlc or other nutrients, and if. thlS were not so llfe might

Rod shaped and . fllamentous Sulphur bacterla grow at 96’

.f93 C 1n the abulder Sprlng at Yellowstone Park at a pH of'8 9,
The water contains 3 ug/ml of sulphlde and these organlsms
havq been shown to 1ncorporate organlc compounds only in the
. presence of sulphlde They are not 11v1ng ln optlmum condl—
’_tlons ‘as maxlmum uptake of organic compounds occurred at- 804.
- 80 °c. - They are llkened to gglatoa (Brock et. al. 1971)

: A thermophlllc photosynthetlc purple sulphur bacterlum ,‘

'-exlsts at 60 C in Hunter Hot Sprlngs, Oregon, and one also
occurs in one-sprrng_.ln YellowstOne_Park at éo C (Brock
1969). o R

Thermophlllc spore formlng anaerobes 1nc1ude Desulfomoa

. tomaculum (Clostrldlum) nlgrlflcans, whlch is sulphate ‘re-

duc1ng (Campbell 1965) C thermosaccharolytlcum, whlch

" can reduce nltrltes but not nltrates (Ljungdahl 1965) and

C. thermoacetlcum, whlch produces acetate from carbon dloxlde,'

and C thermocellum (Li, 1966) All have temperature optima

'of 55 C or: hlgher " C. tartarlvorum is an example of a facul—

tatlve thermophlllc spore former (Farrell and Campbell 1969)
Loglnova et al. (1966) descrlbed anaeroblc cellulose
dgcomposers obtalned from so;l in a plt in. Yangantan fhe
.temperature of the gas at tAe mouth of th p1t was. 5@071 ¢
:and‘the'organisms were cult&r&d at 60-65 o They'were anaexrobic

-&. "
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but had aerobic symbionts and grew betten when these were

present. The synbionts were B. thermolactls, g.'thermo-.

llbutzricum;.g. stearothermophilus - (thermophlles) and a ‘meso-

phile B. cereus var, mzcoides. E. lentus, another,thermophllic

symblont was halotolerant although its mesophlllc analogue’

was ‘not. Longlnova et al oﬂtalned other spec1es from the
Iﬁﬁgf Tashkent hot sprlngs - | |

SEore formlng aerobes

In. 1953 Allen published‘a review‘of aerobic"sooree

- forming thermophlles Wthh 1ncluded an account of th61P.
'.rlsolatlon from soil, sub- aquatlc mud (fresh and salt): and

: '
_drled plant" materlals She did not take samples from food

of any klnd because, she argued food lS ln 1tself an enrlch-
ment. medlum and therefore, ylelds a l1m1ted range of organlsms
SShe used enrlchment medla of great varlety, but whlch fell
'1nto two grOups, namely complex medla of elther yeast auto-
lysate, (Some wlth‘Fhe addltlon of glucose or ‘urea) or pep-
.tone,'and deflned mlneral media contalnlng one carbon source
' The carbon sources were sugars, alcohols, amlnes, amlno acids,
‘CanOXYIlC ac1ds, aromatlc compounds, heterocycllc compounds,
1_paraff1n cellulose, agar,’ starch 1nu11n, pectln and chitin..
~ All were' 1ncubated aeroblcally at 55 65°C. She-obtalned thermo;
'@hlles 1n all cases except where the carbon source was foLmate,
amines, %ertlary butanol ethylene glycol phenoI indole, a.

_ thloglycolate, barblturate and paraffln Growth was light-

1f the carbon source uas pectln anh chltln and in pectln there

»
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‘ was . little evxdence.of decomposition of the polymer Only
spore- -formers grew, lrrespectlve ;f whether the 1nocu1um Wwas
;pasteurlsed and the type of 1noculum dld not 1nfluence the
- f/;ults She found a progressively" weaker growth on a mlneral
source medlum with one carbon source, but could restore v1gour
with yeast autolysate wh1ch supplled growth factors She des-
cribed the Organlsms as protean i,e. thelr characterlstlcs..
| depended on culturefcondltlons and tended to change, But be-
icome more constant wlth contlnous laboratory culture

~In lQhB Gordon and Smlth had obtalned cultures of all
{prev1ously 1nvest1gated presumed thermophlllc spore formers'
~.and some- isolates from food ‘ They cultured the organlsms,

fnoted thelr characterlstlcs and were able to d1v1de them into

';two main groups -'Bac1llus coagulans, Hammer, whlch can grow .

in ac1d1c media’ and lacks protelnases and nltrate reductase,-

*and B' stearothermophllus (dlffe 1ng from B c1rcu1ans only

in grow1ng at 65°C) having protelnases and nltrate reductase

As a. result of her 1nvestlgatlon5 Allen d1v1ded these‘
lorganlsms into- four maln groups, .the two outllned above, and
. B. subtllls and B. phaerlcus.‘ Three other spec1es descrzbed
'jby earller workers were.not in the: four groups, ‘hamely 222&:

trobacterlum thermoPhllum Ambroc, g; thermocellulolytlcus,

Coolhaas, and Nltrosobaclllus thermophllus, Campbell (Tables 1

4 . -

and 2. S _ | :

The B. stearo ; ermgphllus group was the most abundant in
'
5011 samples. Gordon and Smlth had obtalned it from soil,

"y

silage, grass cuttlngs, mllk etc. and canned food _They had



° S Y

obtained E.,coagulans from.allathese-(save-grass cuttings)
and/B. sphaericns‘onlp from tinned fFood. |

The characteristics of the'other three species recognised
by Allen as not falllng 1nto her four groups are set out in |
able ll Although cellulolytlc thermophlles are llkely to

be obllgate anaerobes, associated wlth aerobes and faculta— i
.tlve anaerobes which- play a secondary role, Allen noted that

Coolhaas had grdwn thermophlllc bacterla .on cellulose agar

o aeroblcally, and had. noticed a. clear zone around the colonles.

" She’ also reported tﬂat a humldlty of 98- 100% was' needed for

the growth of cellulolytlc bacterla aeroblcally

_Physiologicaliand molecular hasis-of thermophily:

Three explanatlons, not necessarlly exclu51ve- haQe heen
fput forward to explaln the ablllty of thermophlles to llVE'
..at hlgh temperatures It 1s suggested that thermophlllc
:organlsms have a hlgh rate of metabollsm whlch rapldly syn-‘;
the51ses and replaces ‘enzymes and other protelns and nuclelc;
ac1ds denatured by heat . In addltlon, at least some of thelr
protelns, 1nc1ud1ng enzymes, and those of r1bosomes, arée ther-_ -
;'mostLble, and thelr cell membranes are more stable at hlgh .

temperatures than those of mesophiles, 1n part ‘as ‘a result
of hlgh saturatlon of the fatty acld component of phospho-.;
.fllplds Ev1dence for these hypotheses follow.' |

. . . o : j_
. Evidence for a high metabolic rate i

One piecé of evidence for a high metabolic rate in ther-
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Amophlles 1is the release 1nto the. growth medium durlng the
logarithmic phase of growth of amlno acids and substances
yleldlng them upon degradatlon,llncludlng enzymes (Brock,
1969) Mesophlles release such substances only after loga- .
rithmic growth._ The amino ac1ds and protelns which are. lost
must be replaced at a hlgher rate to ensure logarlthmlc growth,

’ Other ev1dence adduced in support of a hlgh‘metabollc rate
is the "hlgh need" for oxygen of sdme thermoph1les (Brock 1957a);
_“The generatlon time of thermophlllc spore- -formers was found to
4be 24 hours at 55° C in broth without aeratlon, whereas when
air was' passad over cultures of a. thermophlllc organlsm, .
"probably B. coagulans, at 55 C a generation, tlme of 16 mlnutes. i
:was oBserved For : thermally facultatlve organlsms the viable

cell.count and ‘the total cell count were affected by- avall-

~ able oxygen The growth rate of B c1rculans (B. stearother-.

mophllus) was. . 1ncreased by aeratlon even. of a 20 ml culture
in a litre flask (Allen, 1953) e o
Farrell and Campbell (1969) remarked that max1mum growth

- of-B. stearothermophllus (measured by cell mass) was obtalned

':'when oxygen concentratlon reached that found.in the mesophlllc
range of temperatures (lu3 200 mlcromolar) Max1mum soluble
Hoxygen concentratlon at 60°C is usually 140 mlcro molar. Above
140 micro molar oxygen growth is retarded. Thls‘bbservatlon
demonstrates that one effect of a hlgh temperature env1ronment
’upon 11v1ng organisms is medlated through the decreased solu—
blllty of oxygen and that the "high need" for oxygen 1s expll-.

cable by thls There would seem to be no reason to presume

-that 1t is evldence for a hlgher metabollc rate. .
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| A hlgh metabolic rate is suggested by the fact that death
' and destructlon domlnate the growth pattern at hlgher tempera-.
tures. Gaughran (19”7) observed that many thermOphlles have
a‘high death rateiat their optimum‘temperature.' He co;pifed
._total and viable cell counts and found also that at the end

'of the 1ogar1thm1c phase total populatlon curves showed a’ nega—
.”tlve lepe and a greater and greater dlvergence between total .
and v1able cell counts In other words the duratlon of tlme
durlng whlch the cells can\malntaln the high replacement rate
seems llmlted He p01nted out that autoly51s is rapld, and a

as ghosts"are not counted in the total count, thls reduces

" the apparent death rate. | _
Allen (1953) used the calculated temperature cbeffl-

c1ents of 11fe (growth) and death obtained by herself and

others to make a comparlaon between E coll, Lactobac1llus.

delbrueck11 and B c1rculans, i.e. B. stearothermophllus

1

These organlsms have 1ncrea51ng max1mum temperatures of
'growﬂht' The rate constants_for growth and death- were plotted

on a logarlthmlc scale agalnst the reciprocal’ of temperatures
. ” \
--:The Arrhenius equation _-QE'_;g -E/RT . '

.gas constant
velocity constant
“energy of activation
of molecules
temperature on absolute
scale

_'e"td%'ﬁ'
“ ||I.

.relatlng the rate of a thermochemlcal reactlon to. absolute"

:ﬂ temperature and 1nclud1ng the energy of actlvatlon of the

'molecules (Whlch lncreases w1th temperature) applles also to
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reaction rates in living organisms. It san be applied to the:

-'logarlthmlc phase of growth of mlcroblal c turesL Allen
assumed that beyond the logarlthmlc phase the rate of the
synthetle processes continued to be exponent al relatlve to
‘temperature, but the destructlve processes played an 1ncrea51ngf
:role“' She estlmated the extent of the destructlve process at
each temperature from the dlfference between the obServed

- growth rate and the prOJectlon of - the linear. portlon of the
-Arrhenlus plot to that temperature She foundlthe death

rates so computed were exponentlal and tentatlvely suggested

that L delbrueck11 could grow at hlgher temperatures than’

. E. coli because it, had a hlgher temperature coefflclent qﬁ

‘growth but that-B. c1rculans could grow at a higher tempera-
3
ture Stlll because it had a lower temperature coeff1c1ent of

uhdeath ’ , '~.j ' <.
. . o R

Allen also fjund that the exponentlal death curves ap-
plled from the start in the growth of mlcroblal cultures (the
number of - cells dying per unlt time is. proport10na1 to the

;number remalnlng or death is a\loggrlthmlc functlon of tlme)
h'She Suggested that thls could be explalned by the heat 1nact1v—
.atlon of one 'crltlcal catalyst' in the cell and not bv the
1nacF1vat1on of compdhents present in the cell 1n large amounts,
psuch as. resplratory enzymes. Thls "flPSt order klnetlcs of
”death" lead Brock (lQEﬂD)to conclude that because these thermal
-death curves .can be 1nterpreted as a result of a mono-molecular

reaction, death by heat is therefore due to an effect ‘on the ;h

! 1

cell membrane reeultlng 1n, 1n1t1ally, one rupture, rather _"
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.than an: effect on rlbosomes, enzymes or any. other molecule
:or organelle present in 1arge numbers He con51dered that !
the heat stablllty of s RNA and DNA- would not be a problem, ‘
as those of mesophlles are stable glven the ionic env1ronment
“of the cell He farther poﬂhted out-that most organlsms-
produce protelns, lncludlng enzymes, whlch are stable at
Vthelr growth tqmperature (see ﬁext sectlon) and stated that
the ribosSoges and the.syﬁ?he5121ng machlnery of thermophlles
(a5 measured ln‘VltPO wlth art1f1c1al messengers) are known ‘
to be"more heat.stable than those of mesopgxles- However, Parreil
land Rose (195%) assert that one cannot assume that a mono-
molecular reactlon is the cause of/??lllng, on the ba51s of
'exponentlal survxval curves . i
Brock (1967b) made’ some 1nterest1ng deductlons from.
publlshed values of growth rates of: various organlsms at - -
'thElP optlmum temperatures under optlmal growth condltlons
He plotted for an array of psychrophlllc, mesophlllc and
thermophlllc Organlsms ‘the 1ogar1thm of generatlons per
ur agalnst 1.  He found that the slope of the curve was
muc ess thaz that'found for E. c011 at varlous tempera-;fﬂ
'tures by Ingraham, or lndeed less than nhgt for the organlsms
_Allen had lnstanced What thls means :; that thermophlles
in fact do not grow as. fast as one would predlct £from the ‘
LN

Arrhenlus equatlon, or, in. other wordsU they are’ unable
& : -

to take full advantage of . the- temperature at which they grow.

'Thelr metabollc rate is hlgher than: that of mesophlleSmbut
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not,_as much as 1t theoretloally could be. They have dis-
carded growth eff1C1ency in order to surv1ve at’ all. Alter-

. ly, during evolutlon from prlmordlal thermophlles, meso-
philes have acqulred greater p0551b111t1es, particularly in
‘the structure of enzyme molecules-and ooncomﬁtant eff1c1ency.
Growth rate, - temperature optlma and thermal response are
' genetlcally flxed Mutatlons alterlng these (by alterin ' \
enzymes structure) would be seleoted 1n the’ rlght envirdﬁ}ent. ‘
T It is, probable that many mutatlons would be requ1red to. make
blg changes (e. £. 'a uD C change in opt1ma1 growth temperature)
_as temperature sensitive mutants dtffer in temperature res-
.ponses by only a few degﬂees. . |
) Ev1dence for a hlgher resynthe51s rate in thermophlles-‘;
is prov1ded by Bubela and Holdsworth who found that the turn-

: over of lablle RNA 1n B. stearothermophllus was 1 minute at

| both- HO ¢ and 63 C.. ThlS compared w1th 5 ] m1nutes for E.
‘:coll at 40° C (Farrell and Campbell, 1969). The hlgh rate
of RNA turnover mlght ‘be cbrrelated Wlth a high re- synthe51s'
rate for protelns denatured by heat. The actual proteln _}; o
turnover rate was found. to’ be 10 mlnutes at 0° C and l- 2 mlnutes -.‘

at 63 C. ' Friedman (1958) suggested that B. stearothermop lus

contalns a rlbonuclease w1th a 1ow heat of actlvatzon and k“

: a protease with ashigh heat of- actlvatlon.l o - | f
Amelunxen a’ns (1968) found the thermostablln.ty of

'pyruvate klnase and glutamlc oxaloacetlc transamlnase of B.

_stearothermophllus 11ttle more than that of B. cereus.‘ There-

,fore the supply of these enzymes must depend upon contlnued

-



synthesis. The llmlted growth of B. stearothermophilus-at

76-75°Clmight be”attrlbutable to such enzymes. Above a
critical.temperature the_rate of 1nact1vatlon would exceed
the'synthesis rate. . At'BQOC the organism will not grow al;
lthough many.of its'enzymes show activity atter:lozminutes
heat treatment at thls temperature ' |

| Indlrect ev1dence for a hlgher metabollc rate Wthh
makes a hlgh re- synthe51s rate possxble is the fact that
lthermophlles are usually small, or at least slender : That

L
is if they are 1onger than: mesophlles they are also thlnner

This gives a hlgh surface/volume ratlo which would facllltate'
'exchange of materlals wlth Surroundlngs and support a hlgher

re- synthe51s rate. Allen (1953) noted that the 51ze of 1nd1--
viduals of the’ genus Bac1llus decreases as the temperature
rangL for growth increases, and that the thermophlllc varlants

.of B. cereus and B. megaterlum have slénder cells compared |
ﬂto those of the mesophlllc forms from whxéh they are derlved -
.She also noted that the blue-green algae in Wwaters at 70°¢ |

- or above, in Yellowstone Park are small celled, compared to

those 1n waters at or below uu C The sulphur hacterla in

. Boulder Sprlng had dlametersof 0 15 0.2 um (Brock et al

1971) Only fung1 were found able to grow at high tempera-

tures and produce cells 10 mlcrons or more in dlameter (Allen,

1953) .

“.

Evidence for the thermostahility'of macromolecules
" _ . 3 ‘. - _

Protelns

There is no reason why a protein cannot be stable at
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high temperatures provxded the  bonds which’ maintaln the
tertlary structure of its molecule remaln intact.  Koffler

'(1957) demonstrated that the protelns of B. stearothermo-—'

'Ehllus and three other thermophlllc ba01111 are more stable
to heat coagulation than are‘those'of the'meSOPhlles Proteus
“vulgaris, E. coli; B. megaterium'and B. subtilis. After
| 8 mlnutes ‘heating at. 60°C, at pH &, well over half the meso-
ph111c protelns coagulated and 0-4% of the- thermophllmc ones.
lInltlal proteln concentratlon and pH affected results but -
Inot the large dlfferences between mesophlllc and thermophlllc..
:PPOtElnS "~ Since these experlments could not entlrely rule
_ out the p0551b111ty that the protelns were StablllSEd by

. other facTors present, rather than belng 1ntr1n51cally heat

e stable, Koffler decided to use highly purlfled extracts’ of

flagella to test for 1ntr1n51c thermostablllty He used the

v1sc051ty measurement of flagellar Suspen31ons at dlfferent

e temperatures to -show that flagella from E coll are dlslnte-l‘

”-grated into flagellin molecules at 50 C but those of a thermo-
'ffphlllc Bac111us are not dlslntegrated below 75 C No Stabl-
‘f‘llslng or 1ab11151ng substances eould be - demonstrated l-The"'

ZVeffect of urea and acetamxde whlch are knOWn to break hydro-
:t'gen bonds, lead Koffler to conclude that thermophllxc flagel-
11n contalned more njmerous or stronger hydrogen bonds that
that of mesophlles. Tltratlon cupves . for flagellln from
mesophlles and thermophiles showed a strlklng dlfferenée
between the total number of hydrogen 1ons bound ‘at pH

2.5, and at\pH-lO.S between the two groups The fla-




\ .
‘ gellln molecules of the thermophlles conta1ned only about

half as many 1onlsabl$ groups as\mesophlllc flagelllns
‘Koffler suggested ‘that ln thermophiles there is therefore
less repu151on between 51m11arly éharged groups on the fla-
‘gellin, molecules than in mesophlles and this would tend to
prevent the dlSlntegratlon of flagellae All these experl-
‘-_ments demonstrated the pOSSlbllltlLS of molecular composxtlon
and structure‘as a basis forgthermostability of macromo—
'-lecules of:thermophiles.. They' did not_of course exclude

. the liEElihood-that in' the. living 4ell proteins in general

are stabllmsed by metalllc 1ons, _ther protelns, enzyme
'_substrates and - co -factors, or str ctural features of - mem-

branes Howev r wlth the p0551bl exceptlons of metal 1ons,‘

e

these stabllls g factors cannot operate on flagelllns.

In 1973 Koffler reported that the polymer of flagellln
from thermophlles begins’ to disi tegrate at-a temperature'
R at which the alph&hhellcal reglgn of flagellln unfolds. 'He"
therefore concluded that it is %hls 1ntramolecu1ar nature .
" of flagellln whlchrls at least pn part respon51b1e ‘for the
thermostablllty of . the polymer‘ L

f_ The flagella , apart from thelr basal body , con51st
of ‘a splral fubular fllamenﬂ pure polymer;zed flagellln
-Flagellln molecules from thermpphlles spontaneously reassem-
ble to -form fllaments over a wlder range of temperature and
pH than does flagellln Arom mesophxles The polymers have .
twice the hellcal content of 1he monomers. HOweQer koffler -

‘(1973) found that at 55 C or. hlgher, flagellln from B. stea-.

rothermophllus 2184 réassembled to form polymers with normal

'.hellcal morphology, but below 50°¢ the polymers formeJ were

shorter. and stralght .
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Flagellln is a unlque proteln because 1t contalns a’
_y]few or no re51dues\of cystelne, tryptophan, prollne, hlStl—.‘
dlne and tyrosmne.; Koffler'found S1x tyro51ne residues, ‘one
external three wel..buried in the molecule'of flagellin,

and he presented ev1dence that the other two are concerned
wlth self assembly and 1nter molecular thermostablllty, such
that the polymer is more thermostable than the ménomer. If
he' nltrated ‘the external tyrosmne reszdue ogfﬁlavgllln w1th ,
nltromethane he found no change in its ablllty to polymerlzef
nor in:. the thermostablllty of the resultlng polymer - If the
.other two external tyr031ne re51dues of flagellln were n1-_'
' trated, the stahallty of the alpha hellx remalned unchanged L
but self assembled polymers had characterlstlcs of mesophlllc
valymers. Thus they w$uld form at pH 3 but. not at pH g at

259C' and the modifled flagellln‘would'not polymerlze at

55 C .and pH 6 ‘ The nltratlon of three tyr051ne residues

. in flagellln produced both nltrated monomers, and dlmers

-'conSLStlng of covalently llnked nltrated MONDMErs . Both_'
the mOnomers and these dlmers were capable of polymer1za—‘
'tlon as above."
Koffler 's work thus 1nd1cates that the proteln of fla-
-.gella whlch can have no stablllslng factors other than,l
poss;bly,?metal ions must owe 'its thermostablllty in thermoﬂ
‘_phlles to 1ntra and 1nter-molecular structure '
Enzymlc protelns, as dlstlnct from structural protelns;.
'depend upon the’ presendg, in the correct spatlal conflgera-

N
.tlon, f certaln amlno ac1ds for thelr catalytlc act1v1ty

" This actlve site of ‘an enzyme may 1nc1ude a metal ion

1ocated in'a non-groteln prosthetlc group ; but Ln.any event
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{thermostablllty is llkely to be p0551ble only if heat does
not alter the actlve site conformatlonally by changlng the -
shape of the rest of the molecule Ca1c1um and other diva-
lent metal ions are known.to stabilise enzymes to heat.
”‘(Pfueller and Elllott, 1969) passibly because the 1on1c"
: bonds they can form with- 10n188d groups. on the enzyme mole-
“cule are strong enough to resist conformatlonal changes

It is known that thermophlllc Fungl can grow at hlgher

_ temperatures in ‘the presence of ca1c1um ions than in thelr '

-absence (Brock, 1969) A too Plgld enzyme molecular struc-’

ture mlght however llmlt the accomodatlonal p0551b111t1es

of the enzyme yis- a-v1s its’ substrate ("induced Fit™) and

lrreduCe 1ts eff1c1ency ' Other enzyme attr;butes dependlng on 'f -
5i;1ts three d1ment10na1 structure and its spatlal adaptablllty“
(allostery, 1nc1ud1ng feedback 1nh1b1tlon, ‘and stlmulatlon)

are llkely to ‘be affected by adaptations necessary to thermo— o
phlly | :

The. thermostable enzymes so far 1nvest1gated fall 1nto

1) Those whlch-.

‘three groups (Farrell-and Campbell, 1969) ,

are stable at the temperature ‘at which they are produced

but not at sllghtly hlgher temperatures, 2) those whlch

-‘_are stable at the temperature of~ productlon "only 1f they
' are substrate-protected 3) the hlghly heat . re51stant en-.

zymes.f_ o o
In gr up 1 Farrell and Campbell 1nc1uded the malate dehy- .

drogenase of B. stearothermophllus 218& whlch is produced at 65° c, -

slowly 1nact1vated over 99 mlnutes at 75°C and rapidly in-
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activated at BOUC,.and the KTPase‘produced by.the same
organism. Its 1norganlc pyrophosphatase showed a lag

perlod but 1nact1vatlon commences at 65°C. Some factor

seemed to stablllse the enzyme for .a time. The alpha
amylase of thermophlllcally facultatlve stralns of B

'stearothermophllus and B. coagulans, the. aldolase of

B. stearothermophllus grown at 65 C and some peptldases

. .were also included in grgup one,- ‘The heat stability of alpha

_.amylase of] g.‘stearothermophilus‘and aldolases are further
‘discussed below.
In the second group of thermostable‘enzymes Farrell and

. Campbell 1ncluded asparaglnases from B stearothermophilus--‘

and B. oagulans, both oF which were 1ess inactivated at 1ow-_‘f‘

'er temperatures than they were at the temperature of pro- .

duct#on in the absence of substrate The pyruvate ox1dase

Ll

'of B stearothermophllus needed, .as well as pyruvati, magne;

'51um 1ons and oxyTen for stablllty at the growrng t mpera-.

. ture. A membrane bound cyﬁochrome contalnlng fractxon from
Ca thermophlle was . found to lose 50% of 1ts act1v1ty after
90 mlnutes at 55 C The blosynthetlc L-threonine deamlnase

of B. stearothermophllus is partlally stablllsed at 70 C

by threonlne and pyrldoxal phosphate (Thomas and Kuramltsu,
1971) A catalase from an unnamed thermophlllc bacterium
was 1nact1vated at temperatures above 60 C unless an unknown
protectlve factor was present (Nakamura, 1960). The erude .
extract of the enzyme had a temperature optlmum of 65 C

but when treated with charcoal the resultlng extract had a

catalase‘Temperature‘optlmum of 60 C. Moreover below 55°¢
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.which suppressed enzvme activity.
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P

“the charcoal purlfled extract had greater activity than the

crude ‘extract. Nakamura.explained thls 'by a heat dlssoc1a—
ble stabilising factor_whlch was‘removed by the charcoal and
In ihe thlrd group of thermostable enzymes Farrell and

Campbell 1ncluded a protease from B thermoproteolytlcus Rokko,

&L-amylases and glyceraldehyde—B phOSphate dehydrogenase from

B. stearothermophllus ‘The protease and oK-amylase belng

extra- cellular enzymes and therefore not protected from heat

'inaCt1Vatlon by 1ntrace11u1ar-factors, mlght be Fxpected to

show adaptations -to thermophlly in molecular comp051tlon

.ThP protease, which had 50% act1v1ty after heatlng at 80 C
: for an hour and lost almost no act1v1ty at 50 and 65°C was -

'stablllsed by ca1c1um However an abundance of hydrophoblc _

amlno ac1ds, 1ncludlng a hlgh tyroslne content w1th1n the

_globular molecule was thought to play alrole 1n its thermo—

"stablllty BM urea had no effect on the Stablllty of- the

enzyme at room temperature but accelerated 1ts denaturatlon

by heat, suggestlng more or strgnger hydrogen bonds mlght also“'

.be involved in the thermostablllty of ‘the enzyme-

A somewhat detalled review on 1nvest1gat10ns oftivamyla-

- ses, glyceraldehyde 3- phOSphate dehydrogenase and aldolases_ 8

foliows. It is 1ncluded to 1nd1cate the type of 1nvest1ga-

tlons whlch have been made uslng purlfled enzymes, to attempt
]

'to elucldate the nature of heat stablllty at the molecular

4
level The overall conclu51on seems to be that whllst

stronger hydrogen bonds, -5-8- bonds, -5H groups ‘and a hlgh
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_-content of hydrOphoblc amlno ac1d re51dues may play a part ‘

nothlng 1s unequlvocally establlshed as, conferrlng heat
stablllty ' , h' : . o 1, .

The d-amylases of B. stearothermophllus strain 1503 u

have been exten51ve1y 1nvest1gated but the ex1stence of a
'markedly heat stabIe one 1s not proven (Campbell “#hd Cleveland,
'1961 Campbell and Mannlng, 1961 Mannlng et al 1961,
';Pfueller and Elllott, 1969 and Welker and Campbell ‘1963 ahd)l
' Pfueller and Elllott found this enzyme could hydrolyse starch
at 70 C and aboveL prov1ded calc1um ions (or other metal 1ons)
N~} bov1ne serum albumen were present These were necessary
iat temperatures of 55 C upwards for protectlon from thermal
'denaturstion They found the’ enzyme to- be cold lablle (50%
jinactiyated in 24 hours at 6 C)and completely stable at 25 C.
They did not attempt to explaln the cold 1ab111ty in molecular
. terms, but con51dered 1t perhaps the most unusual property of
the enzyme | _
Cold lablllty and thermostabillty mlght be expllcable 1f
the enzyme molecule contalns a hlgh number of hydrophoblc resi-
ldues ' HydrOphoblc bonds are the only weak- bonds 1nvolved in
,;proteln molecular structure that become weaker at lower tem-
peratures.' Hydrogen bonds, Van<M=Waal's forces (between un-"
.charged groups) and ionic bonds (between charged groups) are
strengthened at low temperatures (Hochachka and Somero, 1973)
Okasahara et al (lS?OJ found the alpha amylase of B.

'jstearothermophllus Donk straln BS- 1 to differ from: that of

”g. subtilis in conformatlon, as evidenced by c1rcular dlchr01sm
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’measurements, 1n hav1né a sllghtly hlgher content of hydro-'
'phoblc amlno acid re51dres, and in posse551ng one, not zero,
cystelne residues.in thp enzyme molecule. Thermostablllty
they found was dependent on the presence of calcium ions,
and heat denaturatlon was retarded by ‘bovine serum albumen.

Endo stud;ed a different strain of B. stearothermoPhllus ‘and

_found an alpha amylase which retained 50% of its activity
. after heatlng for one hour at 90 C _ | |
Amelunxen (1966) found the glyceraldehyde -3 phosphate

. dehydrogenase of B. stearothermophllus lost only 5. y per Cent

:ECt1Vlty after 10 minutes at 30°cC. It even had some actlvity :
'iafter 10 mlnutes at 100 C, 1f cystelne was present-(Amelunxen
' 5and Llns, 1968)- 8M urea only Sllghtly lowered its. activity

at. temperatures up to 50 C At 55°C and 60 °ca partlelly

,rever51ble rapld 1nact1vatlon occurred .However'rabbit'muscle
enzyme showed a large 1rrever51b1e loss of actlvlty at 30 C, \-f
and below by treatment Wlth 8M urea, which caused a large S
change 1n optical rotation (Amelunxen et al., lBlO)i This:
was taken as ev1dence that the thermophlllc enzymehposslbly‘.
had strOnger hydrogen bonds (Amelunxen, 1967) In later ”
papers (Slngleton et al., 1969 Amelunxen, 1970) it was
Stressed that known phySLCochemlcal s1m11ar1t1es between
~ the thermophlllc and mesophlllc enzymes give few clues as
to the mechanlsm of thermoStab111ty. |

Slngleton et al. (1969) compared the thermophlllc enzyme.‘

-

to that. of rabblt, plg and lobster muscle. They found no

Pt



: the actlve site is the same in both enzymés (Slngleton et
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striking amino acid dlfferences, and . therefore the content
of hydrophoblc 51de chalns, which 1is greater than hydrophlllc

‘ ones in these enzymes, does not seem to be correlated with

thermophlly There are u SH groups in the thermophlllc

'.enzyme, all ‘necessary for enzyme act1v1ty, but in the muscle
: enzyme there are 13 SH . groups), 4 of which are necessary for

= enzyme act1v1ty Therefore the suggestlon was made that

al., 1969) Substrate 1nduced 1nact1vatlon, that is 1n—

'factivation by NADH 1n both the muscle and the thermophlllc
"genzyme, was adduced 1n support of this, because lnactlvatlon

. was thought to take place at the act1yb 51te (Amelunxen, 1966).

The 1nh1b1t10n of p-hydroxynercurlbenzoate was found to

-dlffer between the thermophlllc and muscle enzvmes, in that

1t took place at hlgher temperatures in the thermophlllc

: enzyme and was very marked but completely reversed by cys-

telne. There was total lnhlbltlon only partlally reversed

4

by cystelne 1n the muscle enzyme. It was suggested that the

9- SH groups in the muscle enzyme not necessary to enzyme

. act1V1ty may be near the active’ Slte and attacked by PCMB

Thls waJ thought to reduce enzyme act1v1ty ln some way

(Amelunxen, 1967)

The thermophmllc enzyme was thought to have a firmly

bound carbohydrate 1n 1ts molecule but- thls ‘has: been 1dent1-

.

‘fied as - the rlbose in the cofactor nlcotlﬁamlde adenlne

_dlnucleotlde (Slngleton et al. 19691 - This"’ cofactor is.

bound.to the enzyme in the proportlon of u moles of NAD to
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'one of enzyme ?hls is also true of theé rabblt muscle en-
zyme . However removal of the NAD‘by‘charcoal had no effect‘
" on the thermostablllty of the thermophlllc enzyme (Slngleton_'
'et al 969). Thus the thermophlllc enzyme would seem to
possess thermostablllty by virtue of stronger hydrogen bonds
;_ and the 1loss  of sulfhydryl‘groups | - |

| Aldolases haQeJheen exten51ve1y inﬁestigated from the y
p01nt of v1ew of taxonomy and evolutlon There are two |
main. classes dlfferlng oonsxderably in requlrements, mole;
cular weight and chemlstry of the reactlon One, tyoe 1,

"is found in eukaryotes except fungi; type 2 is .found 1n prO-"i

karyotes and fung1 Type l is not 1nh1b1ted by chelatlng :

| [.agents and- ‘has a: molecular welght of about 140 ; 000, whereas

.dtype 2 15 lnhmblted by chelatlng agents and ‘has a molecular'
: welght of only about 70 000 It lS stlmulated by exogenous
metals The suggestlon is made that each type arose 1nde-;
_.pentently, ‘but once evolved retalned its propertles through-
out the phfla contalnlng it (Freeze and Brock 1970) Tne

‘f'_aldolases of.g. stearothermophllus and Thermus aquatlcus

o;haﬁe been stndied‘W1th a view to explalhlng, in molegular
"terms, thelr heat stablllty Thompson et al (1958) found

- . that. the thermostablllty of the B. stearothermophllus enzymej ‘f

<'was Only slowly decreased by cysteine. After 2 hours in the,dj_'
presence "of cystelne 12% act1v1ty remalned compared w1th over &
99% acthlty remalnlng in the untreated enzyme after 1 hour

'at 65 C. Yeast or muscle aldolases were completely 1nact1vated

‘-afterls mlnutes at 65 ¢ in the presence of cystelne.. The cys-
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telne 1nstantaneously lncreased the actlvity of the B.

stearothermOphilus enzyme. Since cysteine prevents formation

of -5-S- bonds, it seems pOSSlble that the,thermostablllty

‘ of thlS enzyme 1is due to such bonds wnach prevent denatura-

tiOn of the enzyme, but at the s ame Flme lower’ its act1v1ty.

Klnetlc studies by these workers showed that the cystelne

treatment 1owered the actlvatlon energy,-E he free energy
-ofuactiVation, AG, and the heat change, AH, and'raisedﬂthe

] entrdpy of activatioh, AS They postulated that a mild

denaturatlon could.account for the effects of cystelne,:

; whlch also decreases'the Km'tenfold,atrao Q, less at hlgher :

temperatures.- Presumably a mild denaturation glVlng a,looser

~

strudture makes blndlng of enzyme and substrate easier.
Thompson (1952) later found when studylng a purlfled prepara—
.: tlon of the enzyme that lt was. no longer actlvated by~cyste1ne[

" Also 1t was substrate spec1f1c for fructose 1 & dlphosphate

- ln contrast to yeast and muscle aldolases whlch can also

use fructose 1 phosphate He further found that hydra21ne
1nh1b1ts the thermophlllc aldolase and not the yeast or '
muscle aldolase and explalned this and the dxfference in
| substrate spec1f1c1ty by assuming dlfferent 51tes on the ene
yme moleCules of the two aldolases, that on the thermophxllc‘
enzyme belng blocked by tbe’hydrazxne bonded cleavage pro—'
ducts, unllke that on’ the yeast and muscle enzyme. ‘ Once
agaln there is 1nd1catlon that thermostablllty lS attalneda*.

at a prlce, 1n thls case loss of substrate versatlllty

Thompson (1952) found that the. thermophlllc aldolase was
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~ vable béngTA, but not other chelatlng agents an
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stable on treatment ‘with carboxypeptldase, whereaé‘muscle
-

aldolase lost 90% act1v1ty As Richards and Rutter (1961) )
&)

had found that yeast aldolase was 51m11ar to B. stearotherm

phllus 1n this respect thls suggests’ either a dlfference 1
termlnal amlno aC1d, or .a dlfferent spat1al arrangement

the molecule

Freeze and Brock (19?0) have recently 1nvest1gated the

aldolase of Thermus aquatlcus, which has optimal act1v1ty
at 95 c. It 1s substrate speclflc for fructose l G-dlphos-
phate, and is actlvated by: cystelne, even when purlfled

Cysteine - also lablllzes the enzyme to heat but at an even

'"hlgher temperature than tﬂat of B stearothermophllus ‘The

‘" enzyme is . substrate protected in the presence of-cystelne,

but in its. absence substrate lablllses the enzyme a llttle »

to heat. Presumably the partlal denaturatlon postulated as

-the effect of cystelne,(whlch makes "the enzyme more heat

: lablle is prevented by a- conformatlonal change resultlng

from binding of the substrate ‘The Km of the enzyme is re-

~ duced. by’ cystelne but only threefold

- Freeze and Brock (1970) " found the T. aguatlcus aldolase
\.4_~ 5

to ‘be metal ion dependent Wthh is characterlstlc of type 2

aldolase They thought that thlS metal ion dependency derives

from a metal at the actlve ‘site, very lcghtly bound and ‘remo-

_that meba}
ion'aotivation derives from a.loosely bound enzyme metal 1on

complex, p0551bly at a site other than‘the active one. Theyf'

found that t e purlfled aldolase of B. stearothermophzlus is

-not activated by exogenous-metals, but is metal ion dependent
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The molecular welghﬂ of the T. aguaticus aldolaserwas
found to be 140,000, about twice that. of other type a3 aldo-
lases, and the same as that of rabblt muscle aldolase, a
type 1 enzyme (Freeze and Brock 1970). Howeuer 1f treated
w1th cystelne (5 x. lO -3 M) the enzyme preparatlon gave two .

y elutlon peaks from gel flltratlon w1th Sephadex G- 200,‘one'

of 1L0, 000 molecular welght ‘and one of 170, 000. Both fractlons-
responded 1dent1cally to EDTA and cysteine (lnhlbxtlon and
stlmulatlon of activity, respectlvely) It was concluded
that the aldolase was heterogeneous Two other class 11

v

aldolases are ‘known w1th molecular welght of 1uo ooo, those~

of Anacystes nldulans and Saprosplra thermalls, this indi--
cates that the larger molecular welght 1s not a characterlse‘.
t1c of heat stable enzymes.: Both the molecular spec1es of |
I.uaguatlcus were.assayed at 80° C. ‘

Freeze and Brock conclude that-theiactlve'site of the'
'thermostable enzyme has been unchanged by evolutlon as it
resembles other type 11 aldolases in response to’ lnhlbltors
and actlvators and catalyrlc act1v1ty, but the rest of the
molecule has been altered in the process of - acqulrlng heat

U

stablllty

Thermostablllty of cell membranes of thermophllié organisms
Many enzymes are membrane bound and are reduced in |
act1v1ty by sonlc treatment ' Prledman (1968) refers to thej
heat 1ab11151ng effect of sonlcatlon upon 'a membrane bound
‘ amlno ~acid actlvatlng enzyme prepared from protoplasts of -

’

B. stearothermophllus. Protoplasts stable to osmotlc shock

and heat and cold are formed by B. stearothermophzlus sponta— .
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'neously in culture and T, aguatlcus protoplasLs; produced
mby lySOZyme, are stable in dlstllled water, and boiling water
for .one hour (Brock, 1969) . In the hot Sprlngs at Yellowstone
Park spheroplasts were presumed to have been. formed spontane-‘
ously by the pink fllamentous bacterla grOW1ng there at near
boiling point (Brock, 1969). Such thermostable cell ‘membranes
‘may contrlbute to the thermostablllty of membrane bound enzy-
mes 1n these organlsms. There is some evidence that the
thermostabllity of some membranes 1s correlated wlth the
.presence of longer branched and straight: chaln fatty ac1ds
than are found ‘in mesophlllc organlsms (Frledman, 1968;

Bauman and Slmmonds, 1969) |

"There is also ev1dence that the lipids of thermophlllc
microorganlsms remaln ‘constant in saturatlon at ‘different
'”growth temperatures whereas those of meSophlllc mlcroorganlsms

1ncrease in saturatlon ‘as the temperature of growth rises

(Gaughrin, 1947) The phosphollplds of B. stearothermophllus

are almost entlrely splngomyellns whlch have a hlgher meltlng _
p01nt than most phosphollplds (Koffler, 1957) Almost all

lipids of bac1111 ‘and other gram p051t1ve organlsms occur in

lthe cell membrane o ‘ﬁ! - R . S l
| Con51deratlon of the thermostablllty of membranes, pos- -
'51b1y conferred by the branched nature ‘or saturatlon of thelr

-

‘llpldS leads one to a consmderation of the act1v1ty of membrane

bound enzymes, partlcularly permeases. ptake of many metabolltes -

depends upon permeases, and it may be that. the ability to
| grow at hlgh temperatures,lln part due to the type of 11p1d
_produced carries.with it the restrlctlon of growth to those'
temperatures at wh;ch the lipid molecules are able to permlt

conformational changes in the permeases. Farrell‘and ‘Rose
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_ThlS, however, lacks a. morphologlcally dlstlnct peptldoglycan
layer and he emphasmsed that the cell envelope of these sul—‘ .
phur bacterla 1s qulte dlfferent from any . other mesophlllc

or thermophlllc bacterla

i

Growth requlrements of thermophlllc aeroblc sgore-forming .

bac1111 1n culture

%
Reference has already been made to the enrlched medla
used by Allen (1953) to’ 1solate the thermophlllc spore- - :'
formers. . She’ also states that growth decllnes on mlneral

F T oe . . 11

medla w1th one carbon’ source, but 1mproves on addltlon of

. yeast autolysate She malntalns that thermophlllc bacterla

:have ‘exten51ve synthetlc powers' but that at high tempera-“
tures accumulatlon of acxd or low utlllzatlon of a carbon

. source can- stop growth Hence thermophlles require addltlon

of growth factors (e. g. v1tam1ns, amlno -acids) for continued-
'.'vegetatlve growth Thus Allen found one ‘strain of ’ B sghae- f.'
‘ricus and two Oﬂ‘Bu oagulans wouid grow-on a rich m1nera1 -
.medlum and several carbon sources. The addltlon of blotln'
*and r1boflav1n was necessary to support the growth of "1arge

numbers of thermophlles of all types" However the addltlon

" of Iarge amounts of ca1C1um (12 mgms%) was as . efflcaceous .

-

as the blotln and r1boflav1n, 1n many cases. 'Catlons are

concerned in stablllslng enZymes to heat partlcularly cal-
.c1um; ‘which would explaln why extra: calclum could substltute '_%h
.for blotln and r1boflav1n, the cell could utlllse stablllsed :

‘ _enzymes "to make its own vitamins.
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McDonald’and Matney (1963) had ev1dence that the ab111ty

to grow at 55 °c can be transferr

subtllls to strain 16“3 The f

ed from straln 1su of B.

requency of transformatlon

was 10 u; AThe rec1p1ent strain was Streptomyc1n resistant,

I put orily 10-20% of the transform

myc1n re51stant. This 1nd1cated

ants (55 Yy were stmll strepto-

a 11nkage between the streptoe

mycin sen51t1ve (S ) locus: and the 55% locus in. the donor oL

f'straln The authors stated that
' are mostly kllled by sudden tran
Obllgate.thermophlles on the oth

at uu°c.of after a shift from bHu

facultatlve thermophlles‘
sfer from HB C to 85 °c.
er hand are equally v1ab1e.

°c (near mlnlmum) to 68 °c.
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The B SUbtlllS strains - transformed in the above- study were
facultatlve thermophlles whlch were, before transformatlon,
sensltlve to a sudden change of temperature to 55°C. The

ability to he. an obllgate thermophlle, i.e. to withstand "

~a sudden temperature change was thus .the characteristic trans-

ferred. One can speculate that. .a mutatlon or mutatlons re-

sulted in a structurally more Plgld but less heat sen51t1ve

‘enzyme or enzymes occurrlng when the 5§57 characterlstlclwas o

‘acqu1red in the donor Straln, durlng 1ts evolutlon

McDonald and Matney regarded the boundary between meso-

'phlllsm and thermophlllsm to be. between 34°¢C and 52 C

Facultatlve thermophlles ‘ean have ‘both types of metabollsm

between 44°C and 52 °c. Campbell (unpubllshed work) obtalned

al heat lablle enZyme (alpha amylase) 1n a facultative thermo-

phlle"grown below MG °c ‘and a heat stable enzyme in cells grown

I .
Il

.above 507 C

Zuber (1973) p01nted out ‘that there are two p0551b1e
ways in whlch a facultattye thermophile can adapt to heat
changes., It ¢an use dlfferent blochemlcal pathways dependent
upon the quantltles and act1v1tles of enzymes at different

temperatures.' Or 1t can produce thermostable and thermo—

. lablle varletles of enzymes at hlgh and low temperatures

respectlvely. He examlned varlous enzymes produced by facul-
. e

tatlve stralns of B stearothermophllus, which could grow at

37 C and at 55 C " He obtalned ev1dence of thermostable and

- thermolablle varlants of enzymes produced at the hlgher ‘and

.
lower temperature. The enzymes 1ncluded an amlno—peptldase,
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. a'protease,.spme enzymesfof'the glycolytic pathway and of

. the citric acid eycle. He found in Bacillus caldatenax a .

long lag phase when cells were transferred from 37 -70 ¢
gdurlng which thermolablle enzymes dlsappeared and thermo-
stable enzymes were formed. The reverse .process was -also
_demonstrated . :

Zuber, hav1ng demonstrated the exlstence of variants
| of enzymes in thermo facultatlve organlsms speculated that:
there mlght be two genes, ‘and two regulators ‘Presumably-'
.the actlvator for the thermostable enzyme would be’ 1nact1ve
.below a certaln temperature and that for the thermolablle
‘enzyme would be thermolablle 1tse1f Repressors would pre-
' sent the reverse-51tuat10n. ~Zuber also suggested that only‘
one gene mlght be present but that temperature affected.
transcriptlon or translatlon such that a dlfferent enzyme
variety was'produced. Thlrdly temperature, he argued, could _
affect dlrectly the enzyme molecule once produced Thus
'heat.could alter the phenotyplc expreSSLOn of the genet%c
':code, -

Referring to the’ experlments of McDonald and Matney it

is therefore possxble that the transformatlon 1nvolved the

transference of gene(s)codlng for one or several key thermo-

stabie enzymes. Other p0551b111t1es are the transference of

the gene coding for a thermostable RNA - synthetase, thus’
- " :
affectlng transcrlptlon, or that for, thermostable rlbosomal

enzyme thus affectlng translatlon. These mutatlons would,
however, not confer thermophlly unless all other necessary

enzymes and 1ndeed structural protelns were thermostable at
i ' ‘ .



-4 5~

the temperature of productlon ‘Another theory as to the pos-
“51ble.means by which growth temperature characterlstlcs are
' altered by mutatlon 1s‘referred to below, but it, concerns
a change toipeychrophily.
Olsen and Metcalfe (1968) using‘ultra vlolet‘irradiation,

obtalned mutants of Pseudomonas aeruglnosa whose grOWth range

was. shlfted from 11 O _yy C to O —32 ©c. The mutatiocn rate was
1 per 10 They surmlsed that a 11m1ted number of genetlc i
loc1 were 1nvolved in the mutatlon and proceeded to "test
this’ by‘transductlon w1th pseudomonas bacterlophage qu

»They used a tryptophan—requlrlng auxotrophe as the rec1-' -

‘"f,“plent . They found-a frequency of transductlon for psychro-

‘ phlly, or for tryptophan lndependence of 2 5 %10 7

6 x 10 -8 per v1able phage. About 50% of the psychrophlly

o]

"were cotransduced for tryptopham Lndependence, and 50% of

ﬁhe tryptophan 1ndependent 1solates were psychrophlles

~.The fact that tryptophan 1ndependence and psychrophlly.were
lfcotransduced in '50% of the mutated P. aeruglnosa was. taken _7"
'as supportlng evidence of their theory that a.llmlted number
of genetlc loci controlled psychrophlly, and suggested that

thoseuloc1 regulatlng cell d1v1510n were 1nvolved

Représsion-and Induction at different temperatures ) .
. . ' ' * ‘ . . ‘
SOme 1nterest1ng cbservatlons on repreSslon and induction
~
"~ of e?zymes in E. COll at dlfferent temperatures have been

reported (Farrell and Rose, 1987) Although many of these‘
concern 1ow temperatures they help to -an understandlng of

‘the molecular basxs of temperature effects in general
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' - B. galact031dase was synthe51sed at the same.rate betueen
.20 and 43 °cin two strains of E, COll ML30, one constltutlve
and one fully 1nduced by lsopropylthlo B~ galactoside - Below
20 C the rates of enzyme synthe51s decreased Glucose re—‘

. pre531on of B. galact081da5e in thls s;raln occurred at lon
'temperatures at which growth was detrlmentally(affected;.A
"‘mutant L. .coli was constltutlve for B galact051dase at 43%C .
",but needed an lnducer at 1u° C Possibly changlng affl—' o
nity of the inducer for the repressor proteln at different
emperatures explalns the results A temperature sensltlve,

zmutant of E. coll requlred hlStldlne at low temperatures
furth;rmore lt was proved that 1t produqed a phospho rlbose

“'ATP pyrophosphatase 1000 tlmes more sen51t1ve to feedback
.'inhlbltlon by hlStldlne at 37 C than ‘that of the parent

’ As the temperature fell below thls the 1nh1b1t10n 1ncreased
ln the mutant to the extent that eﬂbgenous hlstldlne had to;

'be supplled.. ThlS demonstrates that the afflnlty of small
molecules for allosterlc protelns is affected by temperature ‘

| Other examples of temperature effects on enzyme synthe515

c1ted by Farrell and Rose are: -

»

,glutamate’decarboxylase in’E c011 WT. Induc1ble at 37 C

partly constltutlve at 30 C
tryptophanase in E. coli WT. 1nduc1ble at 30 C
| o ' ; not 1ndu01b1e below 15 C

-
1

Alkallne phosphatase in E .coll B mutant - repre551on by

1norgan1c phosphate decreases between 20 and 40° °c
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Orhitbine carbomoyl transferase and arglno succinase in’
E. coli mgtant - repre531on by arglnlne decreases between
- 20° and u2°C | - .
'Explanatlons for these’repre551ob phenomena are elther a. _) jﬁ;ﬁ,l
thermolablle apo-repressor or, decreased afflnLty between
'.;apo- and co- -repressor at hlgher temperatures.

It is p0551b1e ‘that the- induction, and repre551on of
the Ehzymes of thermophlllc organlsms are affected 1n.part
.by temperature effects on 1nducers and repressors. Clearly - .
a thermophlle must be able to regulate enzymes syﬁthesxs
and p0581b1y thermostable apo-repreSSOrs ar? produced

'making cell regulatlon p0551b1e at the temperature of growth.

ummalj 01 Lne 1ntrouuct10n

“nelmophlllc OLLanlme huve buen 1%0Leted Lrom nuterous o
.

lO(,d.ClOIlb and have been found browlnb in. natural ..mi man-male B ‘
: .

1not s:Luavlons. Thelr abuuiance in 5ome not places bubbests

that thej are. remarkably well adaptew for lif'e at nlbn temp—

©eratures. whls auaptlon\'s Larrely Jetermlnei by their proteins, -
.nou&h the 1nt1a-molecular characterletlcs related to tHELP |
heat stabllltv are not unequlvocally deteLmlned, and vary
qetweén one protulnvand anoLner. bxtra molecular factorg"
are required in some cases ior neat staolilty. Dne membranes

of tnermOpnlles are more heut stable than tnose of mesophlles .

’ p0551oly due O llpld composition.
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EnZymes.and the concept'of the Energy of Activation -

Most chem1ca1 reactions t?klng place in llVlng cells
are catalysed by enzymes. The’ enormous 1mportance of en-,
zymes is that they reduce the energy of” actlvatlon of a
7chemlcal reactlon thereby maklng p0551b1e at. temperatures '
and pH values conducive to. life, ‘peactions which would not
otherwxse -take place, at measurable ve10c1t1es

Arrhenlus (GlESE, Cell Phy51ology, 1968) 1ntroduced
;the concept of energy of actlvatlon to explain thermal_

quotlents of" two for a rise in temperature of 10°c. ‘hccord-

; lng to his calculatlons an . 1ncrease in velocity of a reactlon

'of 100% could not be attributed to increase in klnetlc energy
'of molecules.l The veloc1ty depended he argued, on the'
"number of molecules of reactant attalnlng a -high enough
energy level to change chemlcally ‘He found experlmentally
‘-that a grap of the natural logarlthm of the veloc1ty of a
hemlcal reactlon agalnst the reezprotal of the absolute
temperature was a stralght llne ‘The, slope of thls line (a),
iwhlch measures the change 1n veloc1ty w1th temperature, he-

related on theoretlcal con51denatlons to E (the energy of

actlvatlon expressed 1n calorles per mole) by the equation
a "R P R,- gas.constant»

'Because.theZgraph is a»straight.linefand_has negative slope

“1nK = bca -‘and dlnK = a k K = velocity
R S P b = intercept on
Therefore dlnK = E : . - s : % axis
| . . —ar ~ Rr2 ' S o
*T = absolute .

temperature

..
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Integrated K2 . e R Ty T, - Ky = velocity at Ty~
K1 . C
' . " K. = velocity at'T
Ko~ 2 R W
or Ine=E QD o T
- T Ky i“‘Ti. T, . Ty =‘lower‘temperarure-
: _ , Ty =‘higher.temoerefure
E £ R x lnKg - 1nK1 . =~ .. -
x = ? 1 1 calories/mole
i L e T ‘
T, T
.and. E = ? 303 x B IOgIOKZ ' 1°g10K11' calories/mole

l ...-2..‘
Arrhenius then. calculated the proporf}on of molecules havlng
the energy of actlvatlon before ‘and after a 10°¢ rlse in‘
temperature, u51ng the Maxwell Boltzmann dlstrlbutlon'lew.

. 0% .

L

N. - —(E/RT)" N, = number molecules having
NL £ e _ ' S energy equal.to or greater
o . . : than the energy of activation

~of the reaction
Ng = total number. of molecules

He EOUnd fhat there was e dlsproportlonate increase 1n ‘this
number. _
_ The energy of actlvat&on 15 related to theienthalpy'
: change, AH by the ‘formula AH - RT = E. AH is very large'
'compared to: RT (R = 1,987 calorleslmole/degree and T = 2?3‘; -
:343° 1n our experiments Therefore RT . =.600 cals./mcle at .
" these temperatures) Therefore determlnatlon:of.ﬁﬂ ls.an_ |
l approxlmate measure of E Comparlson between AH'of the.seme

reactlon under dlfferent condltlons can therefore be 1nform-
ative. _ )

: , | _ | | |
The mechanism- of enzyme catalysis is presumed to .involve

a o
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the formation of an intermediate-complek of the enzyme

‘molecule and the reactant(s) Both are altered in‘speciall

'coﬁfiguration, bonds are broken and other bonds are made

y movement of electrons, and the product(s) are formed
The steady state or absolute reactlon rate theory of

Eyring (Glese, 1968, p. 2“8) supposes "the formatlon of

‘an actlvated complex of the reactants It can be applled

'ﬂto the theory of the 1ntermed1ate enzyme ‘substrate complex.

When repreSentlng the thermodynamlc quantltles relatlng to .
the formatlon of the enzyme substrate complex, 1t is custom-

ary to write the thermodynamic equatlon as AGH = AH% - TAS*

Q_ where AH* = enthalpy of heat content G* = free energy and.'
o S* o entropy of the actlvated 1ntermed1ate complex of enzyme

'and substrate Accordlng ‘to the ‘absolute reactlon rate

L]

CAGH
" RT . K37 rate constant for formation
K = K KT e, . . *'*of -active complex
- h L _— k = transition coeff1c1ent
C ' ‘(probability’ factor concerned
- with .’ES

- E+S or P)
Jk'= Boltzman constant (

“N. Avogadro's
number)
-Plank's constant ‘g=hv=hc and h=g=qA\

. v e

quantum energy (ergs)
frequency.c = veloc1ty of 1lght
‘wave length

)

‘f>‘<r° -

‘and thus the rate varies 1nverse1y and exponentlally w1thAG*

Catalytlc efflclency is therefore 1ncreased if AG* is reduced

It is apparent that E 1s a va11d 1ndex of the comparatlve

e

'ablllty of enzymes from ‘different organlsms ‘to lower the

','energy barrier, AG*, to a glven reactlon only if the. entropy

is the same.

Py



According to the collision theory-

- R
K = ‘PZe (E/ \}(J G MOPPlS, 1968, p. '249)

'where P is a constant, the probabfllty of cOllldlng molecules

havmng both the cdrrect orientation towards edsh other and

~

' the necessary energy (E) to react, and Z is the, colllslon

13

-frequeﬂcy in unlt volume, depending on mass and radii of the .

-reactants molecules, temperature and concentratlon As AG
. o -
© AH - TAS and AH -~ E the above equatlon can be wrltten :
| | (AGATAS) /JRT : -
K = Ple

»
-

and K varies 1nversely and exp nentlally wlthAG . ‘How'ev‘ei:':'
| % .

kuor.“'d} 7
nMorrls states that the c011151on theory is appllcable only

-to reactlons between gases. "
|

.7"‘

"-

S v AAra
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INTEOLUCTION TO THE EXPERIMENTAL INVESTICATI N

) A%
. . |} f
In order to shed llght upon ada,:.:iun- tréthermophily I -
. <y, .
-14‘_ W . L. . -
'lnvestlgated the temperature efﬂect. u{‘““”“’ v.tivity and

stablllty of twWwo enzymes of B stearothtrmophlluu. I chose.

the anabolic’ enzyme aspartate transcarbaMylaSe (ATCase) be- |
cause 1t is on the pathway of pyrlmldlne synthesms, 15 there-'
fore essentlal to growth and cell division, and so must ,
'.functmon adequately at the optlmum_temp rature of growth

of this organlsm. - As Farrell and Campbell (1969) reported

‘“! that some enzymes of thermophlllc organisms are thermostable

3 AT A BRSA

at the temperature of productlon only if substrate protected

lt was: also of 1ntJrest to ascertaln whether ATCase was sta-‘
;blllzed or labilized to heat by 1ts substrate Amelunxen and
Lins (1968) reported little’ dlfference in thermostablllty of

glutamlc oxaloacetlc transamxnase in B stearothermophllus

and B. ceréus (a'mesophiie) A transamlnase mlght be 1nvolved
—Fé bulldup af’ protelns, or in other words is- anabollc

-

‘Cﬂ,“ﬂ\u,s ore there is no~a prlorl reason for ATCase?%o be thermo-

/4
{- ~table. o
"The other -enzyme studied,'catalase,_is present in all
, . . - . .
laerob1c organlsms except the Lactobacillaceae. Tt is a cata-
bolic. eniyme, regarded as protectlve as it dlssoc1ates toxic.
" hydrogen. pfroxlde 1nto water and' oxygen (Stanler et al., 1970,
" p. BR3). Hydrogen peroxlde is a byproduet of oxldase actlv;ty

: in cells., Presumlnz the protectlve functlon of this enzyme

to be a necessary concomltant for-growth ofig. stearothermophi;us E




,

Juthe effecrs of temperature in vivo a

‘w1th a rlbonuclease hav1ng a low Energ

b3

it was likely to be informative to study'its'thermostability

and act1v1ty at different temperatures. Amelunxen and

,Llns (1968) had found the pyruvate klnase of B. tearothermo—”

philus ‘and g. cereus to dlffer little in thermostablllty,

»andlcatlng tha

t one cannot assume-all catabolic enzymes: of

thermophlles are thermostable
. Catalase is rapldly 1nact1vated by its substrate (Maehly

and Chance, 195u) but its stablllty in. absence of substrate'

can be 1nvest1gated ThlS was ofespec1al 1nterest in whole

cells, which have catalatlc act1v1ty ‘One can presume that '

re SlmllaP to those on

a suspension of cells in vitro.

"Brock (1969) composed an Arrhenlus plot of growth rates

of dlfferent organlsms at thelr optlmum temperatures The’ _

-slope'of this graph is a measure of the energy of actlvatlon

of growth.ef mlcroorganlsms in general Thls slope is lower

than that of the mesophlle E. COll growing at dlfferent tem-

peratures As growth is a functlon of the aCtliiﬁz_Of many

enzymes I determlned the energy of activation of the ATCase

of B. tearothermophllus and compared it

Wlth that of Vlbrlo
psychroerythrus and the publ

ished’ results of that of Saccharo-'

’ myces cerev:Ls:Lae .

-
)

Frledman (1968) suggested that 1n B stearothermophilus

a protease w1th a hlgh energy of acttvatlon, in conjunctlon

v of actlvatlon, mlght
explain the equally rapld turnover of 1ab11e RNA at RU c. and

63°C although the turnover of . proteln w&? much hlgher at

63 g_than at, 0 °c. These enzymes are catabollc ones. I have -

-
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’ comparcd ‘the ¢ 'rgy of activatioﬁ of the catdlase of B. steafoﬂ

thermophllus and of

;_ooll ln both crude extracts and cell _f\
suspensiOns, and also the, en?rgy of . actlvatlon of hoat in--
'activation, to find out whether there are dif ferences whlch
-
-might relate to the differezces in optimum growth temperatu-

. Tes. -

.lFurther 1nformat10n on th

enzyme studied

‘ATCase cooples carbamyl phosphate to aspartlc acid to
~form carbamyl aspartlc cid (CAA), and 1$ the flnst enzyme
specific to the pyrlmldane synthe51s pathway CAA is oon-”
'verted by a serles of Feactlons 1nto urldlne diphosphate'
f(UDP) and urldlne trlphosphate (UTP) ‘and cytldlne trlphos-‘
phate (CTP)can be for;ed from the latter These nucleotlde
nphosphates act as’ feedback 1nh1b1tors "The enzyme.has been
‘1solated and purlf:jd from a number of organlsms and usually ' l‘

_ contalns-alloeterl subunlts in addltlon to the catalytlc

Csubunit.

0 Donovan anJ Neuhard (1970) state that CTP inhibits o R ‘

S ATCase from Escherlchla coll, Salmonella typhl —murium, Pseu-

) domonas aeruglnosa and P. fluorescens, Enterobacter (Aero-

{

bacter) aerogenes, Serratla marcescens, Cltrobacter freundii,

Rhodopseudomonas spher01des, Halobacterlum cutlrubrum They
}

also state that UTP 1nh1b1ts ATCase from P. aeruglnosa, P.

'fIUOrescens, Neurospora crassa and SaccharOmyces cereyisiae,

- and also state that no feedback 1nh1b1tlon of ATCase has been

found in Bac1llus subtllls and Streptococcus faecalls. The . O
— . o

{ ATuase of Vlblio

|

!

- - ams .
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‘role agalnst toxic hydrogen peroxlde whlch is produced by

‘.et al 1973, Pp- 136). However these authors ST

costicolus does not exhibit feédbach inhibition (Kushner;
prlvate communlcatlon)

" Catalase, a. heme proteln'enzyme, is present in all
living.organlsms posseBSLng a cytochrome system (Deisseroth,
and Dounce; 19?0) Its presence 1n all . Organlsms except a

few bacterla is taken as ev1dence that lt is evolutlonarlly

",anc1ent (Nicholls and SchOnbaum, 1963) As there 15 eV1dence

that the young Earth had an anaeroblc reduc1ng atmosphere and

jthat 11fe evolved under these condltlons (Bernal and Synge,

1972) it cannot .be among the enzymes that were flPSt evolved

'It is rot present 1n obllgate anaerobes e.g- the Clostrldla

or the Chlorob cterlaceae, which may be descended ‘from the

éarliest, aeroblc, forms of llfe, non- photosynthetlc and
pthosynthetlc respectlvely :>

Catalase has been w1de1y regarded as having a protective'

~
1n oxidases {Thpmas

aeroblc dehydrogenatlons e.g. by flavopro
te that |
systems produc1ng hydrogen perox1de_in aerobes aye not nNow

thought to be num ous, and surmise that the {tuation might
have been diXkferfent 1in thelr ancestors, i which case catalase
act#vlty in present day organlsms is to b regarded ‘as vest{f7'

gial. ' Agalnst thlS approach 1s the fact that-almost the_only

_aeroblc organlsms lacklng 1t the mlcroaerophlllc Lactobac111- .

- aceae, possess flaVOpPOtELD-qEPOdeaSES which destroy hydrogen:
peroxlde by using it to oxldlse organlc substrates (Stanler et al.,

1970,p. 56&)., The term peroxldase usually applies to a heme

I FTAMSA -
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proteln enzyme, but unlike cetelase peroxidases cannot
catalyse the destructlon of hydrogen peroxlde lcatalati-
.cally uslng a second molecule as ‘a hydrogon donor and
llberatlng oxygen They use: an organlc hydrogen donor, °
whlch thus becomes oxidised (George 1952) . Moreover, cata-
.‘lese can act-‘peroxldatlcally‘ too eépec1ally when substrate
concentratlon is low (less than 10 -4 molar), ‘and there is .

evidence that this is its major mode of cataly51s in MlCPO-

goccus lysodelktlcus (Chance, 1959)

In vltro catalase can functlon in the absence'of hydro-

' gen peroxide. The substrates are hydroperoxldes, e.g. methyl .

s AL

or ethyl hydroperoxldes The afflnlty of. catalase for. these

.alkyl peroxldes is much lower than for hydrogen peroxlde

"'.(Thomas et al. 1973)

“1n. rat llVEP‘de kldney catalase is found in peroxlsomes:
together w1th oxygen—llnked dehydrogenases which yleld hydro;
gen perox1de (uric ac1d ox1dase, Déamino acld oxidase and
Lﬂx -hydroxy. acid oxldase) Present also are flavln oxidases
yleldlng hyﬁrogen peroxlde (Thomas et-al. 1973) .Frederick ' <4

" and Newcomb (1969) state that in anlmal perox1somes the pero- '

'--xldatlc act1v1ty of catalase 1s more lmportant, but in plant

'peroxlsomes it 15 the catalatlc reactlon which is more 1mport-'.'
ant. In some plants hydrogen peroxlde is released by the oxi-
_'datlon of glycollate, CHZOH COO , a product of photosynthe51s,“'
excreted by the chloroplasts The perox1somes are frequently
'located close to the chloroplasts f The other product. of gly-'
collate oxldatlon, glyoxylate, may be reduced to glycxne whlch

‘ e N

-h




-thet catalase is 1ocated mainly in the chloroplasts of . tobacco

' leaves It is- p0551ble that catalase plays a role in the

"in turn is oxldlsed This is thought to aCcount for the
increased” uptake of oxygen -in the 11ght, termed photo-

respiration. Asiglyoxylate ‘and hydrogen peroxlde‘can react

}

non enzymatlcally to produce formic acid, carbon dioxide

' and<water, it is thought that catalase plays a role in photo-
'resplratlon by 1mmed1ate1y remov1ng the hydrogen peroxlde

-and preventlng this non- enZymatlc reaction. (Zelltch 71972},

Nlchols and Schonbaum (1963) 7tate that the hlghest

_cohcentratlon of .catalase in. plants is found in the chloro-

[V, N

plasts, though Frederlck and Newcomb (1969) found no eV1dence'

L Ir A LA
T e

productlon of oxygen. in photosynthe51s because the photo-

lySlS of water ylelds free OH radlcals which mlght glve rise

to hydrogen peroxide, which, -in turn, would be broken down _.“ ' ' 5
by catalase . However Nichols and Schonbaum, hav1ng regard to ‘:
the nature of 1nh1b1tors of 'the oxygen-evolv1ng step 1n photoﬂ'

synthe51s, do not believe that catalase can be 1nvolved . o

Thomas et al. (1969) report that there is some evidence

— e

tha‘t a flavoproteln enzyme 1is 1nvolved (thlS could produce " . _ ‘

hydrogen perox1de to be- broken down by catalase} but that very

<. little 1s known about the enzymes assoc1ated with oxygen evo-

lutlon in photosynthe51s Chenlae (1970) does not mentlon

catalase in a. paper entltled 'Evolutlon of oxygen in photo--

‘ synthesxs'

One reason why the protectlve roie‘of catalase hﬁs.been

questloned ;s the occurrence of people who lack catalase, orl

;r“‘.'



. have an altered catalase of very small activity (Takahara,-

1952) These people have not been shown to have any meta-

~bolic defect, though they are very susceptlble to dental M

1nfect10ns and tissue necrosms in the Jaw, nasal caV1ty,

'51nuses, ton51ls and pharynx This is thought'to be caused

*lndlrectly by streptococc1 and pneUmococc1 which lack cata-

lase and: produce hydrogen perox1de ln sufficjient’ quantltles

to oxldlse haemoglobln to met haemoglobln Presumably thelr

' flavoproteln peroxldase activity is: not hlgh enough to "destroy’

enough of- the hydrogen pEPOdee they produce »
Catalase is regarded as hav1ng a protectlve role in
the preventlon of ox1datlon of haemoglobln to methaemoglo- ‘

bin, but K611ln and Hartree '(1945), found catalase did not‘g‘

‘protect haemoglobln from oxldatlon by slowly generated pero-

xide. They also found that the possessxon of - ‘catalase by

:bacterla.dld not prevent them belng kllled by the glucose

oxldase of Pen1c1111um notatum Clayton (1960a), found that

b Y

catalase is not constltutlve in Rhodopseudomonas, though

. 1nduc1ble by oxygen.' However, Rhodopseudomonas is a facul- .

F

tatlve aerobe,_so that the non—conetltutlve character could
be used as an argument that catalase does have a protectlve
function and is 1nduced when requ1red It is known to be
1nduced by hydrogen peroxlde, and there 15 ev1denoe that
when 1nduced by alr (oxygen) 1nductlon is through the 1nter;

medlary hydrogen perox1de (Clayton, 1960b) .

e v
* However 1t 15 posslble that the. catalese activity of txssuq% other th

blood (kldney, spleen, liver) is not as greatly reduced in catalasem1c'

people as_zanthat ‘of.-blood. (Takaharn 1971)

RN R T
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MATERTALS ‘AND METHODS

Descfiption of strains and culture methods

‘Bac1llus stearothermophllus

Natidhal Research Counc1l straln B 1027 and 3001. ..
Both are from the Amerlcan Type Culture Collectlon straia
12016 Although ATCC. 12016 is 1lsted as "Bac1llus sc.
tobllgate thermcphlle" the N.R.C. recelved it as B. steafo- .'

3

| thermophilus

Strain N.R.C. B 1027 was supplied aS'frpzendceils (by A.
Matheson) which had been grown at 65°C from a 3% inoculum

Cin coplously aerated batch.-cultures of 100 litres of Tryp-

‘ticase. Yeast Salts (TYS) Medlum (Pace and Campbell, 1867). .

‘They had been harvested in early logarlthmlc phase, aftef
3-33 hours growth - The. absorbance at 650 nm was 1.3 1n a
10 mm cuvette in a Coleman Junlor Spectrophotometer. This
strain was used for 1nvest1gat10ns concernlng the effect‘ o

of. temperature ori ATCase act1v1ty

Strain N. R C. 9001\was used for all catalase 1nvest1gat10ns

and‘the ATCase act1v1ty at different times An the-growth
cycle Stock cultures were grown on TYS agar slants at 55°C,
' stored at 5°C and sub- cultured once a fortnlght. Lyoph;llsed
'cells were used to. start -an 1noculum on some occasions. An
inoculum was grown up in TYS in a 25 ml con1ca1 flask in a
shaklng water bath at 60 °c. ‘Cells were obtalned by addlng a
1-10% lnoculum to 1-u3 litres of’ TYS plus’ 15% glucose and

:1ncubat1ng 4in a water bath at 60 C “Aeration WIth molstened

s A s
LA




. ‘washed, thce»wlth phosphate buffer
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~air at BOQC was malntalned by means of a sparger, and a

A=

‘”SthPEd was p051tloned over the sparger to- ald turbulence

The growth chamber was a large conlcal flask. "It was also

p0551ble to usé a large beaker with baffles The top was
.covered w1th f01l through. Whlch the stlrrer and sparger pas-‘
'sed through an openlng protected wlth cotton wool Contaminaé
_tlon was not a problem glven the large 1nocu1um and hlgh |
‘-growth temperature ThlS method gave better aeratlon

. Cells were harvested after 3-5 hours 1n 1ate llnear phase

and washed tw1ce ‘with 0.13 M phosphate buffer pH 6. 8

jf'Escherlchla coli. ATCC 11303 (S.E. Luria, straln B).

.. Stock cultures on nutrlent agar slants were. grown overnlght

at '37° c, stored at 5°¢ and sub cultured once a month 20 ml

of nutrient proth 1noculated from a stock slant were lﬂCUﬂl

bated overnight at 37_C on a shaker Thls 1noculum was added

: to 1 litre of nutrlent broth 1ncubated on a recxprocatlng

shaker ‘at 37 C harvested in mld logarlthmlc phase and

-

”Vlbrlo psychroerythrus N. R.C. 1004 A psychrophillc marlne :

bacterlum lsolated from flounder eggs ., in Norway A polar

‘flagellated gram negatlve roduclas51f1ed nd named by D! Aoust

1and Kushner (1972) . . Stock cultures on slants of Psychrophlle

Salts Medlum (PSH D'Aoust and. Kushner, 1971) were: grown at

10°¢C for 3 days, ‘stored at 5°C and sub-cultured once a month.'"
-25 ml- of PSM inoculated from a stock slant were lncubated at’
510°C.on a rota(y shaker untll the medlum was red (2-3 days)

500 ml of PSM 'plus. the above 5% 1nocu1um were 1ncubated on a

* A growth curve for B. stearotnermOphlle,'u.n;c; ;001, is

‘shown'in Tig. 25, p. L03-°

(VI A MRSA,
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‘rotary shaker at 10°¢ for 3 days; Cells_were washed twice
©in buffer.containing'salts as.in the medium. »

Preparatlon of crude extracts for ATCase act1v1ty measurements

Vlbrlo psychroerythrus Cells were centrlfuged and

washed twice in growth medlum w1thout tryptone They were

|
then taken up ‘in 0. 01 Molar Trls buffer, pH 7.%, to whlcq had’

'_ been added sodlum chlorlde and- magne51um chlorlde in the

same concentratlons as 1n the gwowth medlum The presence'

' of the salts prevented spontaneous ly51s : The suspen510n

L)

was then lysed by . sonication of 30° seconds at power leVel 1;
—

..on the Branson Sonlfler After centrlfuglng at 12, 000 g for

15 mlnutes the supernktant was used for enzyme -assay-

Baelllus stearothermophllus Frozen washed cells sup—

" plied by Dr. A. Matheson were taken up in 0. 01, Molar Tris
buffer, pH 7. b, and lysed by 1ncubat10n ‘at 37°C for one
hour w1th lysozyme, in the ratlo 1 = 10 000 enzyme to wet
'cells, by welght "After centr%fuglng at 27, 000 g for 36

3‘m1nutes the supernatanf’was used for enzyme assay-.

| 'Escherlchla coli. Cells were centrlfuged and. wasfed
-twlce in- 0 01 M trls buffer, pH 7.4. To- obtaln mhe crude
-extract the cells were -taken up in TPlS buffer agaln and
.sonlcated for three 20- 30 econd 1ntervals, with coollng in
;‘-1ce between, at power level 8 1n the Bransen Sontfler T

After centrlfuglng at 12, 000 g for 15 ‘mins. the supernatant

‘was used for enzyme assay

. A 510wtn ‘curve of V. Lsychroe:ytnrus is snown in rig. 22,

p. 102, . -'.|'
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Preparation of ¢ell suspensionsand crude extracts for

catalase activity measurements.

‘fBacillus stearothermophilus and Escherichia Coil- ,

Cells harvested in late logarlthmlc phase of growth
were centrlfuged and washed twice ln phosphate buffer If
possible enzyme assay was carrled out the same or the fol—
lowlnE day, in whlch case they were stored at '59C ‘in the
Fefrlgerator |

Act1v1ty was not reduced by such storage, though it.
was by prolonged stopage at 5 C Act1v1ty was measurable
after free21ng, though 1t was found in one. case to be re—h‘
duced by 25% after 6 ‘days and in another not to be affected
by this length of time at -20° C Pure catalase is stated by
N the handbook "WOrthlngton Enzymes -published-by the WOPthlngf

-ton Blochemlcal Corporatlon, to be unstable, 1f frozen, but

' stable for 6 12 months at 5 C

. Cell suspensions were made by suspending the-washed'cells-‘;

’

in approx1mately 1-10 tlmés thelr welght of phosphate buffer o

0. 013 molar pH 6:8. Crude extracts were prepared by breaklng

the cells in such cell suspen51ons 1n the Braun homogenlser
‘Ballotlnl beads of 0.1 mm dlameter were used and four bursts
yfof 30 seconds at the hlgher speed were found to break almost
'all cells. The extr;ct was centrxfuged at 20, 000 g fcr 20
mlnutes and the supernatant was used for assays Assays were
fcarrled ‘out immediately as very dllute solutlons of catalaSe

are unstable (Herbert, 1955) and the amount of catalytlc actl—

_v1ty in our preparatlons ‘was sometlmes low

PN RN IR
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. A S
Heat treatment for catalase stablllty 1nvest1gatlons

. The enzyme preparation-was added to preheated buffer .
1n a constant temperature bath, shaken for one minute (or
.'the time of heat treatment if less) and left for the requ1red

-f time. It was then cooled rapldly to D C

- Cell 5uspen51ons were washed Qithplo%_u[v'butanol.or T
toluene by shaklng for 30 minutes on ‘a reciprocatingfshaker;"
Afterwards, the washed cells were either.centrifuged at -

30 000 g for 20 mlnutes and taken up, in fresh buffer or -
used W1thout Centrlfuglng for act1v1ty determlnatlons

"Method of assay of ATCase act1v1ty

g The product of .the enzyme actlon; carbamyl aspartlc
acid (CAA),'was estlmated colorlmetrlcally, u51ng a Beckman‘
DB sPectrophotometer, after the method of Gerhard and Pardee-
: - (1969). .This was based on the estlmatlon of carbamylamlno
.ac1ds by Koritz and Cohen (lSSH) and Fearon (1939) .
Results were calculated as. spec1f1c act1v1ty or mlcro—
moles of CAA/mg proteln/mlnute |
| A standard curve was prepared for evéry assay (Flg-‘l):
The reactlon mlxture con51sted of 0 l ml of Crude extract
and 0.4 ml of substrate The enzyme reactlon was stopped by
addition of the colour reagent ' ' _ |
lSubstrate . Carbamyl phosphate "lob?hMolar
T AsPartlc acid 3 x 1072 Molar :
Trls base - buffer 5 x. 107 2holar
_ Adjusted to pH_?.W-(after_Kaplan et al., 1967)

S M

L4
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The ‘higher cohcentratlons of aspartlc acid follows-from
pthe fact that the Km for thlS substrate 15 hlgher than for
carbamyl phosphate (Shepherdson and Pardee, 1960)

A blank contalnlng the assay mlxture only was set up
"jfor every tlme 1nterval and every temperature " After addi-
tlon of the colour reagent, 0.1 ml of enzyme is added
bThere 1s ‘a non enzymlc reactlon between the two substrates,
in addltlon hydrolySLS of carbamyl phosphate, ylélds sub-
'_stances contalnlng the urelde grouplng, which also develop
‘colour (Weitzman and. Wllson, 1966 and-Shlndler, private

.communlcatlon). o o T

‘Checks on the method

A
VTwo concentratlons of enzyme in crude extracts of

E. coli and B. stearothermophllus were assayed for ATCase

;‘activity' In both cases the slope of the- time course was
11nearly related to enzyme conoentratlon, show1ng that an-
;yme act1v1ty was belng measured (Flgs 2a and 2b)

.'Assays using the B. stearothermophllus enzyme showed a.

falling away from linearity after 3 mlnutes 1ncubat10n of

the assay mlxture

Assays u51ng b01led #rude extractIhad'nonactivity.
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: Standard curve for 3§rbamy1 as'artlc ac1d _Absorbance at

. 560 nm. after addltlon of the colour reagent

Stock 10 -3 Molar carbamyl asparnﬁc ac1d was dlluted to_

_glve concentratlons from 0.1~0. S\x 10-3 M These were:

1ncubated to develop colour in t\e same way as.tﬁe-assay,;

mixtures after the, colqur reagent was added ’ o
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'FIGURE 2a

'ATCasé éétivity'of a crude extract of B. stearothéfmo—

philus. .
Time course with two strenths of enzyme.

L4

Concentration of CAA proportional to absorbance at

‘560 nm, o ' e S
. . . " t ¢
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‘l‘ : \ . .
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@ | ' FIGURE 2b

coli.

.ATCase.actibity of'a crude éxtract'offgi‘
f'_ Time. course with two,strengths;of”enzyme. , S

! o _ 7 » . ..b“u'
' Coqcentnation of CAA proportional to absorbance at:

560 nm. .
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Methods of assay of catalase actmvxty

Two colorlmetrlc methods were employed and a Beckman

| DB spectrophotometer used to determlne absorbance — ‘V o : : ) -
.',Method 1, after Bcers and Slzer, 1952’" - . l' ' \\_,’/’"__J)'
The decrease 1n substrate coneentratlon was'measured : |
by the decrease 1n absorbance at QHO nm - (Flg 3). " The r
;, assay mlxture contalned J. d)i 0 ml of enzyme preparation
_ ln a total of 10 ml of hydrogen peroxlde in phosphate buf-.
fer pH 6.5—?. An allquot was placed in the cuvette of thep ; S

fspectrophotometer.‘ Alternatlvely allquots were remqved at .

TN o WY

" intervals into scdlum azlde solutaon of such strength that"
the final concentration was 10'3"molar, This stopped the-
(r'Ttaction.

Fig Yy shdws'a time course of the actiyity of the enzyme.

It is ev1dent that the rate of reaction decréaées-progres-
51ve1y after 2 mlnutes.
Substrate Stock 30% hydrogen peroxlde1 stored in a dark

Sbottle in the refrlgerator, was dlluted to 3% strength with

phosphate buffer and de51red dllutlons made wlth buffer,

and kept on lce

Fig. 5 shows actlvxty of the enzyme v. substrate concen-

tratlon Actlvlty ceases to beaqga llnear relatlonshlp ’ f'lv

to substratL concentratlon abpve 0 0z M. hydrogen peroxlde

Above 0 05 M catalase actlvlty decllnes This is attrl-l

- n

butable to the formatlon of 1nact1ve oomplexes between “the
enzyme and hydrogen peqexlde which is 1ncrea51ngly fqyoured

by higher concentratlons of substrate (Maehly and Chance: -_' ‘f-

‘-." o . : ‘. . . \/
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1954) Therefore, it is best to use'a ooncentration of © 'l“ ;2/..
substrate ‘lower than that giving maximum‘veiocity. ‘At such - | |
a ooncentratlon, where substrate concentratlon and velo—'
city of'emzyme reaction are linearly related, it is pre;
sumed ‘that .the formatlon of 1nact1ve.complexes does not
apprecmably affect the klnetlcs of enzyme reactlon ”‘ o'f
It was dec1ded that the best concentratlon of - substrate

was 0.02 M. N'Tubstrate concentratlon of 0.01 M was used ‘ ’

-4

for some ekperiments in whlch the assays were conducted : : f/

over short perlods of tlme and therefore substrate was ‘not ; ;

- e

: Enzyme‘concentration‘

Flgu W shows that the slope of the line (veloc1ty)
£or U 1 ml crude extract is double that for-O 05 ml crude . 32 _._-<
extract. Therefore, as rate of decrease in absorptlon at '
fzuo nm bears a llnear relatlonshlp to enzyme concentratlon,
‘it can be\presumed to be ‘a measure of 1ts actlvlty (Flg 6).

It 1s not' p0551b1e to produce a true enzyme concentrav;

tlon V. aot1v1ty curve. Thls is because such..a” curve -can
be obtalned only by u31ng excess substrate. 1t is deemed
‘ adVLsable to use hi h ooncentratlons “of enzyme, as in dilutf

solutlons the enzyme is less stable (Maehly aJd Chance, 1954)% a

-Assays at hlgh temperature ' ‘ oy . S

1 .
.>7 Although np fal® in optlcal den51ty at 240 nm was ob= .

servable 1n a hydrogen peroxlde solutlon malntalned at 60 C:
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 FIGURE 3"

Standard cukvg for.hy@rogen'peboxide;
Absorbance at 240 nm. ‘ S -:‘--  - ’ 'l.". ‘_- o

~ - LY 0.
Temperature = 0 C.

Cbnpentration'of hydrogen,péroxide-is 1inearly related - -’ R g

* 'to absorbance at 240 nm.
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| L L
o mM H0, in phb‘Sphate‘- buffer |

*
-




FIGURE Y 2 A -~
s I

Time course of catalase act1v1ty of a crude extract of .

§. stearothermophllus Decreas in absorbance at 2u0 nm

] [}

Temperature = 0 C . ..

ASubstrate 0.01 M H202 in phosphate buffer pH 7. . 7. . \y‘

]

fSlopg is calculated from the stralght part of” the 11ne
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" FIGURE 5

Catalase act1v1ty of B. stearothermophilus at different

- substrate concentratlons

uy absorptlon method "] e e T s
;,H2_02 in- phosphate buffer pH 7 ; 2.: "'F oo - _

Témpe?atUre - 0 C_
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\
for 4 minutes? 1t was not p0551ble to measure: enzyme acti—'
vity at high temperaturesﬂ Assays at temperatures above
MOOC showed inaccuracies, due, it was presumed, toO hyper-
chromlc Shlft caused by heat denaturing of the hucleic
ac1ds present. At NO °c quadrupllcates samples gave varlable
eadlngs and above thlS temperature, although act1v1ty was

present (ev1nced by bubbllng), no change in opt1ca1 den51ty

(or a positive change)*occurred.‘

‘Method 2, after'Chantrenne, 1955.

Absorbance at HlO nm of a saturated.solutioh.of tita-
nium sulphate in 2N sulphurlc acmd contalnlng hydrogen'
peroxide is llnearly related to hydrogen perox1de concene

' trationj(Flg. ?). It is sometimes necessary to make dilu-

tlons of ths\coloured solution to give Optlcal den51ty read-
1ngs in the requlred range (Flg 'B). |

It was ascertalned that sufficient titanium sulphate
was present to develop full colour w1th all concentratlons

.of hydrogen perox1de used Clowdlness which developed 1n

the tltanlum sulphate solutlon after addltlon.of phosphate

.- ..—._c'

buffer was removed by standlng or centrlfugatlon

B \\\

- Assays u51ng crude extract or cell su5pen51on which
had been b01led for 10 mlnutes never showed catalatlc actl-

v1ty up to & temperature of 80 °c.

Flg g shows a time course of the activity of catalase .

in a cell suspen51on of B. stearothermophllu_l and of the
‘activity of WQrthlngton catalase from beef liver. This

latter parallels that of the, cell su5pen510n; confirming
«As tnis work 1nvolves enzyme assays abl high Ltmocrature )

this.method, althougn simple, 1S of'ten ;mpractlcable

B




FIGURE 7
' Standard curve for.hydrdgen peroxide

Absorbance at 410 nm in éaturated titanipm sulphate.

a ! .

1 ml of 1;}0mMolér hydrogen peroxide ih phosphate buffef~'

pH'?iadded to 2 ml of saturated titanium sulphate in 2N.-

5u1§hﬁric acid.

B . : . . ) 3
‘Final concentration of hydrogen peroxide is 1/3 of that

- shown.

R Ve
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~ FIGURE 8
Standard.curve‘for_hydrogeh peroxide using diluted colour
reagent. |

'After addltlon of 1 ml oflO 20 mMolar hydrogen perox1deiﬂ1-
phosphate buffer pH 7 to 2-ml of saturated tltanlum sul-
‘phate, the mlxture is- further dlluted with 9 ml of saturated
tﬁtaniom eulphate : phosphate buffer, 2:1 to give flnal
concentratlon shown 1in flrst llne of" flgures. Original
_concentration:- before addltlon to tltanlum sulphate is shown

-in the second llne of flgures
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FIGURE 9

'Tlme course of catalase actxvmty of a cell suspen51on of

B. stearothermophllus Decrease

of a mlxture of saturated TlSO

"2:¢1.

TEmperatufF'=l 25?0

-

in absorbance at U410 nm

allquot of assay mlxture,‘

Substrate = .DI-M H202 inwphosphate-buffer'pH 7
. ' ' . . . I

* “'

b
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| - O = B. stearothermophilus. | |
' 1I3F\ 0 = O.D. values "obtained with p_uré- S T
1\ ~ beef liver. "catalase [
-\ ~ 210,000 units/ml.

~ Minutes
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that enzyme activity is being measured. In fact because of
the concentration of catalase'arbitrariiy_ehosen"in this
‘experiment, the curves-were identical.

‘Fig. 10 shows catalase activity of a cell suspension

of B. .stearothermophilus at different substrate concentra-

LI —

tions. - The_inactivat%og;pf the enzyme by the:hydrogen_pero-
xide is not demonstrable below 0.02 M hydrogenlperoxide (cf.
,ultrav1olet absorption method) In oractice.assays using
0.02'M hydrogen perox1de gave optlcal den51ty readlngé in’
.the requlred range, if the colour reagent Was’ dlluted after
: addltlon of the. aliquot of assay mlxture, as explalned above
Seah and Kaplan (1973) subsaquently demonstrated a broad
optlmum at 0.01 M hydrogen perox1de u51ng purlfled catalase

. from baker's yeast o | ' o ' '

-

v. time for 0.1 ml cell suspen51on 15 twice that for 0 05 ml

.

cell suspen51on Flg 12 shows that zero time veloc1ty cal-.

culated by extrapolatlon is llnearly related ’6' nzyme concen-

tration. Fig. 13 shows enzyme ooncentrarlon v. act1v1ty curves.
From these results, it is _Seen that under certaln experlmental
‘.condltlons of - substrate concentratlon and length of assay (up
to 0.02 M hydrogen peroxlde and up to. s mlnutes duratlon) it

is safe_to assumebthat activity 1s‘pr0portlonal_to enzyme

concentration. ’ _ ot

Puration of assay

-~

.Fig. 9 demonstrates the rapld reductlon in enzyme acti-

'v1ty w1th tlme, by ‘the change in slope’ of the graph Measurable)

4

. Flg 11 shows that the slope of the graph of act1v1ty v

Al Lad Y
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© Cataldse activity of a cell suspension of B. stearothermo-

"

philus‘at.different substrjte concentrpations.
Titanium sulphate mEthOE\\J ‘ ﬁgf

H,0, in veronal acetate buffer pH 6.5

Températﬁre = 2500.1 i ' LR
' [ - ‘ - . ) . ' . .
Velocity units = A H,0, nMole/litre/minute  , ~ 7.
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. 'FIGURE 1l1-
Time course of the catalase activitv of a cell suspension.
" of B. stearcthermophilus. o o §‘\¥x
Titanium sulphate meéthod
Substrate 0.0l M hydrogen peroxide
Temperature = 0°C L _ {
ggcreése-in‘iog O;D.' .
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_ FIGURE 12
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Catalase

Ehilus.__Extrapolation_of log velocity at successive, times

, to log.velocity at zero time. °
IVelbcity‘=t Alog” OD/minute. Titanium sulphate method.
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F_I'GURE 13

.t

Catalase activity of cell suspensions of B. stearothermo-,

philus at different enzyme_concentrafions;
Titanium sulphate method oL

Substrate 0.01 M H,0, |
‘Q uabhffered ﬁzoz. : .O?C
g_'unb‘uff.eréd Hz'oz.' : 2s?c N
K- H 02 in phosphate buffef pH 7. DOC
A H202 in phosphate buffer DH- 7. - ©25%C

i.e. o,

A washed cells stored overnlght in refrlgerator
=

same cells stored a further 24 hrs in refrlgeratori
fresh cell. suspen51on ' .

same suspen51on as a stored 3 days in refrlgerator

o0 &

same cells as others stored 9 days at-20 c
new suspension S —

-
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changes with assays of duration of jo'seconds are possible,
with extfacts of hi@h catalaee actieity. It was found more
practicable to meaeure.the optical density at zero time and
at ohe mihufe interﬁels‘up fe-S minutes. Veloeities calel
culated (see below) were extrapolated back to zero time.

ThlS makes comparison of enzyme act1v1ty for varylng para-

meters more valld.

Velocity units

1. ~ Rate of destruction of hydrogen-perbkide (use standard
hydfogen peroxide‘concentration v. optical density curve).

’

S 2. After Sumnerland Somers, 1947. .Change in the iogarithm
- of the optical dens:.tv.-(LoglU 0pt1cal den51ty at zero tlme,:
-log10 optlcal den51ty at time x) per mlnute This flgure

is proportlonal tp the log of ‘the: pec1proca1 of the fractlon:
of hydrogen’ peroxlde remalnlng, (because optlcal den51ty up
 to 1. 0 is propprtlonal to hydrogen peroxlde concentratlon)
‘and is ‘therefore a_measure ‘of rate of activity when divided

by ;number: of minutes.

. -
‘

Calculation of zero time velocities

TIf veloc1t1es at successive tlmes are plOtted agalnst
ltlme a rectangular hyperbola results, but if the log of )
‘veloc1t1es is plotted agalnst time a,stralght llne 15 ob-
fained;.and log zeroetlme‘veloelty*foqnd by extrapolatlon
(Fié. 2). The acteal velocity is thereﬁore the eeti log of
‘this fligure, By these means'inacpuraeiee due to the repid
inactivation.ef catelese_with tiﬁe} are minimised. |

]
hY
.

N
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Effect of heat on hydrogen peroxide

Substrate blanks in three minute dssays at temperatures

On . . . - -
up to 807C showed no change in hydrogen peroxide concentra-
"tion. It was therefore presumed that'destruction of hydrogen
ppeﬂox1d? measured at all temperatures used was due to enzyme‘

act1v1ty, and that substrate blanks were not necessary

pH optimum for catalase : ' : A

Buffer stnength

Phosphate buffer was made by ad]ustlng 0. 0125 M K HPO
to desired pH by the addltlon of solid KH PO Thls was
used for most of the experlmental work. It was found,that
~ as low as 0.0QORM‘buffer maintained:the'pH of an assayrmzx-‘f

ture for 5 minutes (assays were neter longer) and that 0.0125

'M buffer maintained it for 30 minutes. Phosphate buffers of

: hlgher strength develop cloudlness when added to the satura-

- ted tltanlum sulphate,/but this was removed on centrlfuglng
Veronal acetate buffer was used for some experlments to
determine optlmum pH ' Thls ‘was made by m1x1ng equal quantl- |
ties of M sodlum dlethyl barbiturate (Veronal or barbltol) |
and % sodium acetate (kept as stock), diluted %ﬁ and pH
'adjusted by addltlon of 0.1 M hydrochlorlc acid if necessary
‘fi.e. for pH values below 9.6). ' : _'j . .

‘ Fl%l 1ua shows the catalase actlvlty of a cell sus-

'pen51on of B. stearothermophllus at dlfferent pH values

"maintained by phosphate and c1trate buffers ‘Fig. 1lub is .

. the same as Fig. 14%a but using veronal acetate buffer Fig. 15
. R
shows the catalase act1v1ty of a, crude extract of B ‘stearo-

e y



FIGURE 1l4a ' ~

Cataldse activity of a cell suspension of B! stearofggpmos ;

Ehilus'ﬁt different pH values.
) LY

Titanium sulphatg'method

-Substrate_Q.Ol M ﬁé 2

- -

Temperaturé = ?SOC-‘
Velocity units = 4 mMoles Hzozjlitfe/minute-

 Citrate'and:pHosphate bﬁffers used.-f
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FIGURE 14D

.t . ' ' !

Catalase activity of a cell suspension of B. stearothermo-

philus at different pH values.

| Titanium sulphat / method . . :

: Substrate 0. 01 H O2 _ .
Temperature = 25 °c a E .&\H‘\_;;;f

Veloc1ty units = A mMoles H202/lltre/m1nute

Veronal acetate buffers used
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" FIGURE 15

‘Catalase'acﬁivity of a crude extract of B.stearothermo-

philus at different pH'vaiues.

' UV absorption ‘method

'Subéfratg = .01 M_H202
-Temperaturé = 0% | '
Velocity.unité ='A 0.D. ?uo‘nm/miﬁ

'Phosphate buffers used
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v

thermdphilus at different,pﬂ values maintained by.phoéphate

buffcr

&

In an unbuffered assay u51ng whole.cells the pH was 7. 0,
ét.the'start and 3.4 at the finish (at 5 mlnutes). Clearly
buffebihg is importaht for‘accurate measurementﬁ'of act1v1ty,
--yet the optlcal density change over 2 minutes at 25° C varied -
'llttle from that of a buffered control ‘Fig. 13 shows that
at 0 C an unbuffered assay gave better llnearlty'wlth enzyme

_concentratlon than at 25°¢C. Few\gﬁ_gl. {1957) found that.

lysates of M. lysodelkdlkus wefe far more senéitivé'to.pH

" than thle cells and .presumed this was'due to the ability of

cells to regulate thelr lnternal pH over a fairly wide range

-of external pH values For thlS reason our assays of crude f
'extracts were carrled out only over the pH range 6-8. .It is

concluded that the catalase act1v1ty of ‘B. stearothermophllus

in whole cells or crude extracts can be satlsfactorlly assayed

- at pH6.5-7.

B

e

P
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“RESULTS OF ATCase INVESTIGATIONS , S

4

_ ATCase activity during the growth cycle of‘B. stearothermqphilus

_ AICase’actiyity is high in early logarithmic phase and

'+ falls throughout the logarithmic. phdse and linear phase of

» . . ) . . »

growth, becoming almost zero in the stationary.phase_(Fig. 16).

ATCase activity of crude extracts of B. stearothermophilus and

"V. psychroerythrus at dif férent temperatures

Fig. 17a is a‘plqt of the ATCase,activity'of crude ex- S

traets of B. stearothermophllus at temperatures from 37 C to
ﬁDOC.' The maxlmum act1v1ty, at. 60 C, was taken 'to be 100%
although in one of several experlments the spec1f1c act1v1ty
at 70°C was hlgher than at 60 C
| As the rate of act1v1ty of the thermoﬁ%ale enzyme started
'to decrease after 3 minutes 1ncubat10n of . the assay mlxture,

-, N .
this time was chosen to determlne 1ts optlmum temperature

Fig. 17b shows the ecific act1v1ty of the ATCase of

V. psychrOerythrus at’ temperatures up to 37%. It is dlfflcult

! to deflne the optlmum temperature aseet can be seen from Flg
18 that the spec1f1c actjylty after 15 mlnutes 1ncubat1bn of
! .r'

the assay mixture is the same'at 25 C as -at 3? C. At.thls

latter tqmperature the . SpeCLflC act1v1ty increases wlth time

+
¥

up to 37 minutes of 1ncubat10n of the’ assay mixture "and then

~

, falls act1v1ty of the enzyme ‘at 25 °c however
alls slowly from 1% to 65 mlnutes 1ncubatlon of the assay

mlxture, when® 1t is approx&*ately the same as that of the as-

say mixture whlcq has ‘been 1ncubated at 37 °c. ‘

-
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ATCase activity in crude extracts of

) ’ ‘ . C= i

FIGURE 16

X o C oo \
W stcarothermophilus |

" . during the life of 'a culture.

Specific aéﬁivity = ‘ﬁﬁOlgs CAA/mg protein/minute.

. -

-~

-

..’l ’
N

I 2 .3 4

Age of cuiture (hrs).

[ ] L

Specifié activity

Je



% activity -

. " FIGURE 17a
¢ |

)

: KTCaée activity in crude extracts of g;_stearothermophilus

at different temperatures. ’
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Arrhenius plots are shown in Fig. 19 from.which energies

-

of activation were calculated. As there are only three

‘points on the plot.for the B. stearothermophilus. enzyme- its

Jvaer'wou}d seem to be E = 13,900 cals/mole (average of two

values). That for the . V. psyghroerythrué'ATCase is E‘?49;600

cals/mole, and for S. cerevisiae is E = 11,250 cais/mdle

(Kaplan and Meésmer, 1969).



FIGURE 19

Arrhenius plots of ATCase activity in crude extrdcts of .

B. stearothermophilué and V. psychroerythrus.

Energy of actlvatlon, E, calcuiated from fhe formula

E = 2 303 x R logk, - logkl
- 1 I
Tl T

2.
. where = R = gas constant
| kl; specific actiﬁity'af T,
'k£= specific ib?ivif& at T,
 T1=‘1owe} temperaturé on absdluté'scéle'
Tz- higher temperature on absolute scale
2.303-*conver51on factor frcmnatural o decalogarlthms

1= reglprocal of temperature on.absolute scale
AC : \ o -, L
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 Stability of ATCase of

‘gggghggg at dlfferent temperatures

Stablllty durlng asvay Variation of the specific activity

of the ATCase in crude extracts'of‘v psychroerythrus and'

B. stearothermOphllus durlng 1ncubatlon of ‘the assay mlxture

at’ dlfferent temperatures, is- shown in Figs. 18 and 20 " From
these it can be seen there is a reductlon of 90% of the hlgh—
'est act1v1ty:of\the thermophilic enzyme at its optimal in
-vitro temperature of Gﬁoc'in 20 minutes,‘wﬁereas the psychro-
phlllc enzyme loses only 50% of ‘its. ‘highest. act1v1ty, in one

" hour at 3? C Indeed at 37 C the activity increases by about. '
50% between 13 and 35 minutes 1ncubatlon, though the 1ncrease‘
"1s not llnear. FAt'25 C;wh;ch Ls_above its.growth range, it
loses 20% activity'in-One-hour. 'Iﬁ the'presence of substrate
‘the: enzyme of the psychrophlle is stable for at least one
shour at 10 C a temperature w1tﬁln its growth range, whereas

that of the thermophlle is stable for only 3 mlnutes at 60 C,_

likewise a temperature w1th1n its growth range (Table 3) At

.SOQC, at whlch temperature E. stearothermophllus can grow,
. the enzyme'is stable for up to 15 minutes though in some assays

‘. it was stable for no longer than 3 minutes.

Stability during storage at"different'temperatures

~Crude extraots of B. stearothermophllus were stored at

varlous temperatures for 24 hours. The re51dual ATCase act1-

v1ty ‘was then measured -at the optlmum temperature ‘(60" C)
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. . , .~ TABLE 3

Stébility of ATCase of. B. stearothermoPhilué,and*i. psy-

"chroerythrus in presence of substrate. Maximum time- -

{mins) before. decline in enzyme activity is observed af_'

.differeﬁt_temperqtures'of assay. L
ITémpéra‘t.:ure °c o0 10028 [ 37.. 50 60 70 80
1;-psychfdegzthrus . 360 .365 36
B. stearothermophilus = .. - 330 ¢is 3 . 3__.;;

[
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The'reéultsmcfig. 21) show that in apsénce of subsirate
the fherﬁpphilic enzyme fetéiﬁs 50% of its activity
Qnﬁ SOOC_for 2W hours. The shape of the c;rve sugpests the
"péssibfiity Qf the "existence of two enzqué, one unstable .
. atrany témperafure shown and the other sfablé.below 60°C.
- The figure‘also shows 23% actiJityyaffer-gtofage at'uoot

for 14 days;

Effect of CTP.on ATCase of B. sfearéthermophiius
ATCase activity in.B; stearothermophllus was measured

 1n the presence and absence of 10, 3 Molar CTP At those tem—-

_peratures 1n ‘which ATCase activity was high enough to be
measured acgurately,\CTP ﬁad no qonslstent inhibitory effect)
but a stimuiatory-effect.was observafle in most cases (Tabie 43
. Because of the Spontanebus-reactlon Dbetween aspartate
and carbamyl phosphéte, whlch is accelerated at hlgh tempera—

tures, further studles of - p0551b1e allosterlc prOpertles of

the g. stearothermophllus ATCase were not carrled out.

N
L] .



JFIGURE 2

..‘ ‘ .o [} ) .
Stability of the ATCase of B. stearothermophilus.
. L

" D= activity after 14 days

08| 1s8
- {50
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Specific activity at 60°C
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DISCUSSION OF ATCase INVESTIGATIONS’

The optimum in vitroftemperature of the ATCase of

B. stearothermophilus, 609-70°C is within its growth range

(u5°-70°c>: In contrast the enayme of the pspchrophile_!.

‘”pSychroerythrus-is not at optimal activity in vitra within
its growth-range (o°-2o°c>.

As the generatlon time of B. stearothermophilus is‘given

as 10 8 minutes at 60 C (Stanler et ‘al. 1971, p. 310), and
.ATCase is an anabollc enzyme, a high act1v1ty at optlmal
growth temperature 'is to be expected.

However Brock (1969) concluded that the growth rates
- of thermophlles, although greater than those of mesophlles, .
are not as high as is theoretlcally p0551b1e from a consxder-

.atlon of thelr growth temperatures n fact-we found the

.doubllng tlme of B. stearothermophllu

at 62 ¢ to 13 hours at 55° C whlch, in fa
rate than for E. coli whose doubl1ng time is 20 mlnutes at
37. °c, (Stanler et al. 1971)

we found the doubllng tlme af V psychroerythruc to be

‘ about Y hours at lU C. We also found the ATCase to be very

' .stable {60 mlnutes at 10 C in the presence of substrate)

This correlates w1th the slow growth rate in that one Fan
say that thls stable epzyme, even when not optlmally actlve
malntalns the sLow rate of metabollc act1v1t1es at thls 1ow

temperature.

to vary from 2u mlnutes

was a slower growth

3
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It is temptlng to regard the correlatlon between optr-
mum 1n v1tro ATCase act1v1ty and optlmum_growth temperature

of'g. stearothermophllus as evidence for adaptation by natural

selection. The ATCases of the mesophiles E.  coli, S. cerevi-

. siae-and Halobacterium cutirubrum heve been asseyed at tempera-

tures of 25-30°C,.up to uooc’and_25°or3o°c,pésQ§;21ve1y
(e.g. Gerhart and Holoubek' 1967; Kaplan and Messmer, 1969;

Liebl et'elu 1969). The authors do not state that these

‘are the optlmum temperatures However 1t seems reasonable

to conclude that the optimum in vitro temperature of the B.

stearothermophilus enzyme is much higher. than those of ‘these -

meeophilee, 'Whether this difference is due.to'a more rigid"
couformatiou of-the.molecule of'the-thermophilic'eczyme it r
iS‘impossibleItorsey It is=not possible to'know whether,-
if any dlfferences in. conformatlon do . exzst they resulted

from mutatlons in a prlmordlal thermophlle whlch were selected

for, at lower temperatures, or the reverse process. The hlgh

in vitro temperature optlmum of the thermophlllc enzyme may

" be Smely,a phy51cal characterlstlc of thlS enzyme 1n any .
© .organism. At phy51olog1cel'substrate-concentratlons, which
s are‘hot‘saturatipg;'enzyme'activity'regulation is achieved

by_thelehiyme substrate affinity,'which may cHange with tempera-

ture and by the substrate concentration. If organisms are not.
completely at ‘the mercy of outside temperature conditions.it

is because they have:both thermodynamic and kinetic means at

‘their disposal to allow cellular reactions to continue {(Hoch-

‘achka, 197u).° o _ | L e

Loyadia
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!

The eneérgies of activation of the ATCase of the psychro-

" phile (1. peychroerythrus) the mesophile (S. cerevisiae)

and the thermophile (B. stearothermophilus)ﬁare in ascending

order.. That is, over the témperature range of .increasing
enzyme activity‘the thermophile shows the greatest-respdnse .
‘:to 1ncrea51ng temperature, which can be correlated Wlth 1ts

.short generatlon time. A higher energy of activation of an
enzyme ‘is no dlsadvantage to a thermophlle, because of the h
greater klnet1C'energy of molecules at higher temperaturee.

- The energies'ofpactivatﬁon‘of‘the psychrophilic and meeophilic;
ATCases are“nevertheless‘quite high and because of the'lower-
grOWth temperatures‘of thy organlsms may be correlated with-

“slow growth ratee - In ¢ n51der1ng the p0551ble 1nferences - . l f‘é
to be drawn from the dlfferences in energles of actlvatlon

between the three organlsms it is relevant to refer to cur- 1

e

" rent work on enzymes of multicellular eukaryotlc organisms
living at different temperatures.

-Comparison of.AG* and'turn;ever'numbers of'eubstrate';-
‘molecules 1n, for example, the. glyceraldehyde 3- phosphate

dehydrogenase and . phosphorylase b of rabblt and lobster show

a small reductlom in AG*‘ between the rabbflt and lobster enzymes - ‘
but a 1arge 1ncrease in turn -over number (Hochachka and Somero,
1973, P- L224) . Furthermore the change in entropy AS* is hlgh
and p051t1ve for the rabbit enzymes but negatlve or a llttle
above zero for the 1obster enzyme The enthalpy change .AH*
' for the lobster enzyme is about 75% that for the rabblm en- ‘

zyme (Low et al. 1973)

*However, at lower temperatures act1v1tJ falls raplilj, this could

correlate with the comparatively high lower temperature. Limit
for growth. ‘ R : o .
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The authors'explain this'by‘reference'fe'thelintra-
"celiular environments. The endofhermic‘(nomeethermic) mam-
‘-ﬁal has more tnermal'energy avaiiabie'and the enzyne-has'
a highdH* te overcome the. energy barrier, whereas the eetd;:

-thermlc (p01k110thermlc) lobster has  a low heat content and,

entropy in 1ts cells and 1t is thermodynamlcally more feasi-
“ble to increase order (AS* is negatlve) They thus_demons—
trate that the contribution of enthalpy ane entropy chdnges
. to the free energy of activation (8G*) oflthESeEand otner:
:.enzymic,reactidne differe between thelfwo ciasses of organ-
_ismé.‘.They believe that amino aeid differeneeé outside the”e
'actiee‘site'ef the enzyme molecules'of theetwo.claeses give .-
'the.eetofnermic enzymes a_mere rigid.molecnle; whicﬁrcan ac—
E¢ant_fdé the'thermodgnamic differences.
It is possfble that eimilar differences in entrooy; AS*,
‘for ATCase exist between psychrophlllc, mesophlllc and thermo-
phlllc mlcroorganlsms, as thoseé between the enzymes of ecto-

“thermic and endothermlc organisms. noted. above; -The tempera-

"tures”at-which the ATCase‘of B. stearothermophllus is active

are above those optlmal for mammallan enzymes. It would be
.thermodynamlcally fea51b1e'to 1ncrease£1H* but not to increase
order. Therefore the contrlbutlon made to AG* by AH*‘would
‘be great because the AS* mlght be high and p051t1ve The psy-
'chrophlle ‘which may ‘have a lower AH* may have -a greater rela--

A

-tlve contrlbutlon to AG* made by’AS* - Entropy at temperatures.

from 0 20 C could be reduced.



-108-

Because of the thermal eneréy auailablebthe hipgher Al
of the.thermophilic enzyme is not a disadvantaée. Indeed-it.
. may eyen’be‘anladvahfage} though this is highby'conjectural.
1f AS* is high and positiue aYers nay befrelatively’small adg
the actual free energy of activation high.’ Therefore the
rete of oatalysis of'the enzyme would be low.: The‘organism
" would not benefit from an overproduction of metebolites,
| using nutrients unnecessarily,

uThe higher the energy_of aetivation the greater_is;the
'sensitiuity to-temperature of ‘a reaction. Consequently the
thermophlllc ATCase actmv;ty would drop more rapldly with
'temperature than would that of the mesophlle, and that of
the_psychrophlle would be least.reduced .Thls may:help to.h

[\

zlexplaln why Bv stearothermophllus cannot grow below MO C

and v. psychroeryfhrus can grow, “albeit slowly, below 20 C

"It‘lS necessary to 1nterpret f;gures~for the energy of

activation cautiously. Those for catalase showed. a reversal

in order between‘E .coli and'b stearothermophllus when they
were measured in crude extracts and whole cells (Table 8, p.
.125). It is not possible tO'meashre ATCase act1v1ty in whole
cells. Furthermore other metabollc controls are llkely to be
:operatlve.- The afflnlty between enzyme and substrate, depend-
ent as it is upon weak bonds, is altered by-temperature.

| At phy51olog1ca1 substrate concentratlons (non—saturatlng)
.a p051t1ve thermal modulatlon is known to ex1st, whereby fhe

weak bonds of the E-S. complex are strengthened at low tempera-

tures. The OppOSﬁtE phenomenon occurs 1f the weak bonds are
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hydrophoblc ones, the afflnlty of the enzyme and substrate
. are greater at’ hlgher temperatures: Allosterlc propertles
too are known to be altered by temperature (Hochachka and
‘Somero, 13973 ; Hochachka, 1974). | |

From Fig. 8 it can be seen that 50%‘of'the ATCase‘actiL

vity of g.'stearothermophilus remains after storage at 60°C

for 24 hours: (in“comparison with storage at DOC.for 24 hours).
This is only 8% less than after'storage at. 37°c for the:same
time.. wnilst the rate of‘inactivationfincreases above 2OOC,
120% activity was still present after 14 days at.37°G. There
- was even a trace (<1%) after 14 days at 53 °c. As nO'substrate
was present in the crude extract 1t seems ‘that. thls enzyme
is remarkably stable 1n the absence of substrate. Indeed
from Table 1 it would seem that the presence of substrate

- at 50 C and 60 C hastens 1nact1vatlon. It was ascertalned -

‘that decllne in act1v1ty was not due to substrate 11m1tatlon.
'_Such rapld inactivation of the enzyme 1n the presence of 1ts c
substrate supports‘the theory that thermOphlles surv1ve in
part by a hlgh rate of sydthesms of macromolecules which are
rapidly 1nact1vated by heat. _However, .as it is not p0551ble"
:to measure ATCase act1v1ty ln whole cells, 1ts stablllty 1n
:v1vo, 1n the presence of substrate cannot be determlned

| Fig. 8 1nd1cates the p0551b1e exlstence of two enzymes
‘having differ;ng heat stabilities. The more: heat 1ab11e one:
" is greatly or completely lnactlvated by storage at tempera-'
_tures above 20 C and the heat stable enzyme shows actlvlty

‘after storage at 50 and 60 °c even after'24-hours.

It seems that one of the ATCases of B stearothermophilus
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is.etablé at the growth femperature of thc organism so'long
as‘its eubstretes are not present. Once the e are avallable
it has a hort llfe and muct be rapldly replaced S0 long ds
ATCase act1v1ty is required for growth ‘ | . ' ‘

The ex1°tence of two ATCases 1n-C freund11 and’ P. vul-

- garis has been demonatrated by Bethel and Joneu.(1969) -One

enzyme shows feedback 1nh1b1t10n by CTP and the other, whlch
'has a smaller molecular welght shows no such 1nh1b1t10n. ‘In-

deed in B. vulgarlsrthere is st;mulatioh of ATCase actiuity'

fad

.. by CTP. They speculate that the enzyme lacking feedback inhi- .

'bition‘is'éafabolic and the other enzyme is anabolic. Table 4 I o

shows stimulation by CTP of the ATCase of B. stearothermophllus

at'higher femperétures.' It is possible that the eqzymeiof

%
i

i
o
LS

- this organism which-is_stimulaked by CTP is catabolic and
is the more heat stable one. However stimulation by CTP of

the anabolic enzymeé might partially counteract.ité,rapiﬁ_deJ

cline‘in_ectiviry atfhigh.temperétures in'the‘presehce'of
substratel |

| Fcr an enzyme'to bé'functicnal at high temperatures‘it

: must ‘have suff1c1ent rlgldlty of structure to w1thstand the.
‘disruptive effect of heat For this it may iRE_ ggggg sacrl-l
fice ablllty to make the conformatlcnal‘changes assoc1ated

uith allosfer&. Furthermore.studiee on the ATCase of orher -';
bac;erial species'(gr subtilis, 'S. faecalis, OfDoﬁbuer and
Neuherd,'1970l.demon5trate theé‘they‘lack this type of'regula~
tion. 'g; subtllls ATCase has no regulatory sub-unlt (O'Donovan
land Neuhard 1970)land it is p0551ble that the“genus as a whole'.

lacks 1t..



The ATCase of B.

and contrasted ‘to its

-111-

stearothermophilus is [¢ompared with

catalase in the final discussion.
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RESULTS OF THE CATALASE INVESTIGATIONS

T

The catalase activity of B. stearothermophilus during the

g : i
life of a culture. , o

P

Samples of a 10 litre culture of B. stearothermophilus

weré haf&ested at intervals and assayed for.cétalase activiiy‘f
.after overnight storage:ih_fhé refrigerator: | |
| 7 Reference to Figs. 24 and 25 shows that the catalése'
‘activity of unbroken ceiisjdroPped rapidiy during the lag
.phage, ahd thé'begihnihg of thé iogépifhmig phase, rose
éradually dufing the remaindér‘o% fhe logarithmic phaée-'
Lanq rose rapidly after the .end éf_the logagithﬁic phasé
Aand'throughégt-the‘linear'pﬁase of growth,,reaching a peak.
whénlabbut half‘the‘totg; celi_mass-was produced. It thén_l
Tdfopped répidly as'ihé‘étationary phase was approached to -
'feach'itﬁnminimum beforé the commencemént,of-fhe»stationary'

‘phase.



l'#!

- FIGURE 24
Cells stored overnight in'refrigerafor. .
. Catalase éctivity of a cell suspension measured by the.
fitaheum sulphate method.

0

’

: 11

Substrate = 0.02 MH0,

Temperature = 40°C
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‘Localization -of catalase in B. stearothermgghilus” -

.

Results

The act1V1ty of catalase of B. stearothermophilus was

found to be present only in the cells and not in the cul—

“ture flu%d, shpwlng that it was not an exo-enzyme. Table 5
-shnws that activity was demenstfable in cell‘snspensidn and
crude extraete;‘andffhat ‘there was 0% loss of‘activity after

ﬁfr8921ng cells for 6 days. ACthlty after breaking the
cells but not centrlfuglng them, was' lowered. After low

'speed (500 g or 3,000 g) centrlfugatlon, the supernatant

' had more act1v1ty than the broken cells. Upon hlgh speed

v

centrifugation there was some loss of act1v1ty but all re— '
N .

-m;;ned in the supernatant and no actlwlty was measured in
the pellet. A more detailed’ study was made ofy enzyme locae.
tion durlng growth. Because 1t was necessary to take a
Member of small samples, total act1v1t1es were too low for
‘valid measurements but there seeémed to be-nomajor change
.i‘n location at | different growfh phase_é. ' o S : o ‘

e . . P ’ .. yu




when.cells harvested

‘Titaneum sﬁlphéte method :'

TABLE & .

N Pé%ient total catalaSe act1v1ty of whole cells ahd crude

extracts of B, stearothermoghllus

Age of culture-(houré) . ﬁ%' , T

.Cell suspension before - - ' : 100 .' . 100

free21ng

Cell suspenéibn frozen -',-' SRR ’ 50
6 days - . . - ' S

\
.

‘Broken cells not . = - o o - -  1 39
.centrifuged k : L - S e

Supernatant after centrlfuglng ‘ 58':"' ‘i~

at 500 g for 10 mlnutes o

'Supernatant after centrlfuging: .- ‘ 76:

at 3,000 g for 10 minutes

Sﬁpefnatant after centrifuging =~ - 4o T3
at 100 000 g for 60 minutes cov T .

‘_Pellet after centLlfugatlon . 0 : . . '0

at 100,000 g.

! .

2

!
Substrate 0. 02 M H 02

. Temperature of assay 5% .. - v

a



Catalase activity of B. stearothermophilus and E. coli at

‘different temperatures.
. [

Optimal temperatures .

As‘can he'eeen from Figs. 26 and 27 the optimal temperaéi
- tures for the catalase of the two organlsms are the same for
Acell suspen51ons and- not greatly dlfferent for crude extracts.
This is in contrast w1th results for the ATCase, where the a
temperature optima'ﬁor the mesophile and thermophl;e were o
quite different: | |

The above results were obtained by calculating. "zero-
 time- veiocities" There-are-certain.difficuities.in inter-
pretlng temperature optlma in such assays The.higher the
.temperature "the greater 1s the velocxty, but the greater,
. also, the tpeed of heat inactivation. Veloc1ty falls
more qulckly w1th tlme. It is therefore questlonable to speak
‘of optlmal temperatures as 1nclud1ng those hlgher temperatures'
at which the 1n1t1a1 hlgh velocity is. rapldly reduced Thas
reductlon in veloc1tv ﬂS attrlbutable Toth to denaturatlon
'of the enzyme and to formatlon of 1nact1ve complexes wlth
hydrogen peroxlde. ‘The temperature coeff1c1ent:for~thls pro-.
p:ess is higher than that’for the enzymatlc reaction (Maehly
.and Chance, 195&) In fact, however, very little dlfference :
1n the temperature optima was noted when veloc1t1es were .
measured over longer: perlods. Table 6 shows the. zero tlme,_

one mlnute and two minute veloc1t1es of catalase of E. C011“

at deferent‘temperatures of assay. The ‘optlmaI' temperature



- PIGURE 26
Titaniumlsulphéfg ﬁethgd‘

Substrate 0.02 M-H,0

, 2v2 -

One -experiment only for crude extract is shown.

- for discussion of others.

Sée;text '
.. -‘\\. '
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. . FIGURE 27 ..
-Titanium sulphate method

Substrate O 02 M H.O

272

One experiment only for crude extract is sho+n.

for dlscu551on of others performed

See text
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* TABLE 6

Velpcity of catalase of 'E. coli at different temperatures

and tlmes of assay

Temp. °C Crudé Extract ’ . Celi suspension
I R U T S 2!
0.  -6;0§§ 0.019. 0.008 < . 0.028 0.02%  0.030
10 e "' - - 0.052 0.06u 0.070
200 . - _ . - 0.099 0.099 '0.095 .
?é . 0:033 0.022 0.018° - S
00 - - - .. 0.110 0;110"'of125
s - .- T.0.108  0.107  0.093
©37-° . 0.038 ‘:0.019 0,027 .- - 'ﬁ
w0 . _" . g.1us* 0.115* 0.098%
"4s ©  g.ou2 - 0.026 0.02%2  0.100° 0.070 0.073
S0 - _-' SR ’ 0.084 0.102  0.047
55 . 0.051 0:033% 0.031%#  0.0u2 ©0.051 0.02L-
‘60 . - 0.052% 0.029 0.021 0.035 0.026 0.013
65 0038 0.02° }b;azluf" 0.013 6.010 0.005
Titanium'sﬁlphate mefhod. o I

‘Subéirgte = 0.02 M.H202
T ;-zero fime

A= optlmum temperature

Velocity = Log 0.D. at ZT - log O0.D. at 1' or 2!
: mlnutes . .

2T velocity calculated by extrapolatlon..
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appeabslat‘ﬁﬂoc for the crude extract for zero time Jeio—

_city and at. 55°C for on¢ minute and two minute ‘velocities.

'Thisidifferencelis'hdf fqunq'iﬁ cell suspensions. Indeed
at SQOC.and §5°C the Qélocities'at 1 minﬁte are éreatef'
than those at zero time.‘ This'phénémenon-wili be discussed’
later. Tabief7'shéks velocities.éf'differénf_times for

suspensions and extrdcts of B. stearothermophilus. Here

tﬁe optimal temﬁerature'for.thé cell suspension appears as °

40°C at zero time and one minute, but as 30°C at two minu-

. tes. This difference is not found in the crude extracts.

‘These results'dO'not_contradictithe evidence,  to be presented -

and‘discﬁssed'lafgr that'g.‘sféafdthérmoph&lus has a'highly

hedt-sensitive catalatic chpoﬁent measurable in whole cells.
Such a compoheﬁtmwas'not,apbafent_inlgl coli ‘cells, in which
short periods of'heat'tbeatmeﬁf of celié&adtually'prodgced a

rise in activity.



.TABLE 7

-122-~

‘Velocity of éatalase of'g. steardthermophilus at different .

temperatures and times during assays

‘Temp,'oc :"_ Crude_exfraétl' ééll susﬁeﬁsion.
z7 1 21 B S U
f 0 '?;1us 0.139ﬁllo.17?j' A
15 | 0.011 " 0.0l 6.022
.20 | o ©8.022 0,028 0.032
25 . 0.269 '0.240 © 0.238 - 0:039 0.049 0.057
30 | 003 . 0.051 10.073%
35 0.072 0.069 0.066 -
37 0.302% 0.311% 0.296% | | L
40 R © b.12% 0.089% 0.0u4
4§ ... 0.299  0.29% 0,225 6.055 - 0.062 0.048
50 A 0.08L  0.06  0.035
55 0.238- .0.178 0.188 0.013- 0.028. °0.033
60 0.182 0.219}"0.L0u' . o |
70 “0.116  0.086  0.027
ZT = zero;time -

% Optimum temperature

Titanium sulphate method

,'Substbate'
Velocity

T velocity calculated,by‘extrapolattqn

0.02 H
Log

202

0.D. at 2T - log 0:D. at 1' op 2'.

*

e

‘minutes ¢
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The energy of activation and the energy of agtivation of

‘heat inactivation'

H

Sample Arrhenlus plots for the catalase of E. coli and .

B. stearothermophllus are shown in- Figs. 28 ‘and 29 respecti-

vely. .Values‘obtained for the energies of activation are
given in Table 8. | |

It. must be remembered that ac41v1ty of-prev1ously un-
heated preparatlons measured at high temperatures 1s a
~ measure of increased act1v1ty due to the effect of tempera-
" ture upon a chemical reaction less the decrease 1n actlvaty
due to the 1nact1vatldn of the enzyme by heat. This. decrease_
h in act1v1ty 1ncreases during the tlme of the’ assay Extra-
‘polatlons back to zero time veloc1ty, 1n-theory, measuresl
pthe veloc1ty before heat inactivation -has begun. Therefore
',the energy of activation of heat lnactlvatlon is best
-measuredby the re51dual act1v1ty of enzyme preparations
after heat treatment

By flPSt subjectlng the enzyme preparationito heat fdr,_f
dlfferent lengths of time and then meaSurlng re51dual actl-
ity at optlmal temperature for g»ayme activity, one,can |
"calculate the rate of heat . lnactlvatlon at that temperature;
The 1ogar1thms of these rates at various temperatures when
'plotted agalnst the rec1proca1 of the absolute temperature
5g1de an Arrhenlus plot from whlch the energy of actlvatlon

of heat 1nact1vat10n caq be deplved (Flgs 30 and 31 .

Theoretlcally it 1s,p0551b1e_to calculate the comblned
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FIGURE 31

L3

‘Arrhenius plot for heat.inactivation—ﬁf the catalase of 'a

* ¢ell suspension of B. stearothermophilus.

1.Of S
E'=29-26 -
3962925 " 4576

= 39,245 cals/mole - . .

A

. _ R

N
l -

l
N

@

'a, .
1

_ Log velocity of heat inactivation
| N
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7 29 30 31
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‘ calculated were always mUCh lower than those derlved from'

" Even the hlgher values were not as great as that for the

-lid-

cncrgy of act1Vatlon and energy of actlvatlon of.heat Ln-
actlvatlon from the Arrhenius plot of actLV1t1es of prev1ously
unheated enzyme preparatlons at tcmperatures above the - optl-
muml Then the energy of actlvatlon, calculated from the

slope of the llne below the optlmum .temperature, is deducted

Values of the energy of actLVatlon of heat 1nact1vat10n SO

stablllty experlments, because the slope of the line after

optlmal temperature is less than it would be if more time

were allowed for heattlnactlvatlon.

- In two experlments made u51ng cell suspensxons of B.

stearothenmophllus there were lndlcatlons that the rate of

' 1nact1vatlon was .not uniform. Act1v1ty after lonL perlods ¥

of heat tréeatment was too hlgh and the slope of the line .
of best fit did not always extrapolate back to the act1v1ty"‘-
of'the unheated extract (Flg. 32). This suggested the

ex1stence of two catalatlc components one very-heat‘laﬂiii

and one heat stable. This p0551b111ty was. further invest- ] ‘

’igated (see below). As the overall rate of heat 1nact1vatlon

-~

in whole cells represents the effective result of heat 1n vivo

~the energy of. activation of heat‘lnactlvatlon was calculated. =~ .

from this. -Moreover, if the time course graphs of heat in-

activation were drawn with a break (Fig. 33) two energles of-

activation of heat inactivation could ﬁe calculated. That
from the flPSt part of the graph was - lower, and ‘that for the

second. part of the graph was higher than the oveﬂhll rate

’

& le; enzyme (Table 9)
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TABLE 9

Energy of activation of heat inactivation of ‘catalase of |

E. coli and B. stearothermophilus in crude extracts and

cell suspensions

' Crude extract - g::éteaﬁothermophilus' 43,000 pals/mble*

jt1
0

b1i 15,425 " n

jm

Cell suspension stearbther'mophilus+ ul,7dO " ”_ "

|ttt

coli 170,000

* All flgures are aVerage values from twod experlments.

+ "In one of the two experlments the flgures were
as follows -

,Overall value - = . = 31,$00'cals/mbie

Value for first period ‘= 33,400 cals/mole
.(perlod f rapld ‘heat 1nact1vatlon)

~ Value for s ond period = 57,200‘cals/moie
" (period of sNow heat inactivation)

(See text for‘discussion)

‘ .
| | |
- - 1 ' i
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"The otahility:of catalafe oF B. stearothermophiius'and

E. coll over very short perlods of heat treatments. Eyidence

‘for two catalatic components in B. stearothermophllus

To further 1nvest1gate the possxble ex1stence of tWo

. catalatic components in B. stearo;hermophllus the followlng

1nvest1gatlons were carrled out

1-  The stability. of the catalaSe of a cell suspen51on of

‘B. stearothermophllus was measured at very. short lntervals-

L3

over 1Q minutes at 55 Sc and 60 ¢ (Flg.-33).'d, B

2- That of E. coll was measured at very short 1ntervals

-~ over 10 minutes and also after 30 and 60 mlnutes ‘at ko °c,
50°C and 55°C (Fig. 3u).
3= The stability at 55°C of catalase in cell‘suspensions

-of B. stéarbthermophilus and E. c011 was measured sxmul-

taneOusly,‘ The heat treatment was carrled out in the same
water bath at the same time. ﬂhe cell suspen51ons were ad-
justed'to.the same. ptical.den51ty at 660 nm and their pro-
tein content was 51m11ar. -Before estimations of residual, :
.actlvtty werJ made the preheated suspen51ons were washed

"with butanol (BuOH), to ellmlnatehthe effect of ‘any permea-

bility'factor (Fig. 35).

4- Cell suspensions'of B. stearothermophllus and E. coli

of 1dent1cal optical densLty at 660 nm and close proteln
coqtent, were subjected to 51multane0us heat treatment at

"55°C in the same water bath. One set of tubes for each

‘species was toluene washed ‘and one was nots Both sets were
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shaken for 30 minutes. Toluene was chosen because it fre-

. quently increases the activitp'of unheated cells; whereas

butanol had reduced it in Expt. 3 (Fig. 3% ).

.
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Results

i

Fig. 33 shows that.at §5°C and 60°C ‘an initial, rapid -
reduction in‘pencent activity of unheated cells of B. stearo-

' thermophilus to 10% or-less in 1 mlnute is followed by a

'slow reductlon of act1v1ty in the next 9 minutes.

- In contrast Fig. 3H_shows, in g, EELL’ an initial rapid
epd temporary rise in‘dctiuity of 50—100%. This.occure even
Lat SSOCnthough activity is rapidly reduced .after the first.
ninute'to'about 20% in lD.hinutee. At 50°C and'SOOC neé
‘duction of aotiwity bfter the initial rise is sloWer.<'Even_
'anﬁhourilaten{'ectiuity atIHOOC is still above thet of un-'
heateo'oellsg and-tnat'atlSUOC'is 60% of'unheeted cells.

-Butanol'treatment of-unheated“cells_reducedtne ceta;

lase act1v1ty to uu% for E coli and 61% for B' stearo-.

' thermophllus ~Heat treatment followed by butanol washlng

showed no tran51ent rlse 1n the catalase act1V1ty of E. coli

and a neduced amount of rapld reduetion in that of B. stearof"

thermoﬁhilus (fig. 35, Table 10).

Thfee;minutes heat treatment followed by butanol washing

‘Wpaused a further 11% reduction in activity of.g.‘steefbthérmo-
éhilus'catalaee and a further 40% reduction in E. ¢oli catalase. .’

Toluene treatment had the same overall effect as butanol
" treatment. Activity was reduced , contrary to expectation, by

toluene treatment to 45% of untreated cells for E. coli and

to 79% for B. stearothermophllus. Three mlnutes heat treat-
ment followed by toluene washlng caused a 10% reductlon in

acﬂ& vity . of B. stearothermophilus catalase and a 30% reductlon
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in E. coli catalase compared to toluene washed unheated

cells (Fig. 36 and Table 10).. ‘Clayton (1959) found cath-

» i

lase poor cells showed inactivation by toluene, or a slight

decrease in.activity

It 1; of con51derable lnterest that whereas the cata-

wlase act1v1ty of ‘the E COll cells was further reduced by

toluene washing after heat treatment, the activity of_the,

'B. stearothermophilus cells was actually ianeased,about 33

times by the toluene treatment (Table 10 and fig 6). The '
';same phenomenon is observable after butanol treatment but
ee;barlsoﬁlcanfbe made only wlth cells heat treated but not
‘butanol washed in dlfferent experlments o R A
v
ui t&fwb'f
; ‘
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Discussion’of catalase investipations

-

-~

A cyclc of catalase act1v1ty thrnghout the growth

_cycle of a culture of 8. atearothermophllus is 51m11ar to L

- @ .

that obsé€rved in Aerobacter aerogenes, formerly Bacterlum . : '

lactls_aerogenes,r(Cole‘and Hlnshelwood, 1347, McCarthy and

. Hinshelwood, 1958),, Haemophilus parainfluenzae (White, 1962),

four species of Pseudomonas (Frank et al., 1963) and Saccha-
iromyees cerevisiae (Seah et al., 1973). .McCarthy and Hinshel-_’

wood_noted that increase in catalase sactivity coincided with

the drop in- pH of the médium whlch occurs when total growth
'rate is falling, and relatﬁd thlS to an 1nd1rect effect
upon cell metabolism sucbwthat more hydrogen perozlde was’

produced. MWhite showed that catalase‘act1v1ty.was greatest

where cytochrome content was lowest and .considered it pos--. -

s . ’ . L ' - . . ' .
sible that catalase potentiates cytochrome oxldases 1in. the
. . . - d .

presence of_oxygen in ﬁ..garainfluenzae, which is more suscept- B R
. . . . 7 - ) . . .‘ c.

ible to hydrogen peroxide than other bacterla. Seah et al. -

: suggested that the drastlc drop in act1v1ty during the lag ' ‘

'phase ceuld be due to a degradatlve process or toc the formatlon
- of an 1nact1ve,cata1ase complex.

in'our experiment the. inoculum was from a yéung culture

in the exponential phase of growth - That it had higher-' o .

s

‘icatalase spec1f1c act1v1ty than the maxlmum reached by the

larger culture is attrlbutable to the oxygenatlon condltlons. ‘

r
"

Catalase is known to be. lndUC1ble by air in yeast (Chantrenne

.

and Court01s, 1954) Mlcrococcus lysodelktlcus (Chance, 1952)

-
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iupluu CLun)) surgcsbul thal In yeuct 1pdtuut'-cutaluuu
\muu uraulu in wnole cells) wag membxanu hounJ hand ucryphiu'
catulase (MquulUblU af ter cell bxcuhu[u)-oc urreJhwitnin Lhe
Lcll membrane and wag lHUL”uJSLULC Lo substrate. e femon-
staLuf (ijGS)HLHUL tue uranyl ion, Uoé+.'wh;ch does not bunev
trate tue cell memuruqu CouLi comp letely inhivil tue pafwut
catalase. © The Lercur.c isu, at coucuuhr'hlono bu'ww Lhoge
at Whicn 1L coull punquuﬁu vne cedil mumbrduc he showed

would lgnl" b Ly inhivit patent catalusi ucL;vity. " Sub-

sequent “fS“LHb “itn butanol revealeld that the cryptic catul-
ase wau tully aclive af'ter sucuy murﬁuric.ion treatment of
whole cells. The cryptic guLaiauu revesled -on buLunol wu 3=
ing of untreated cells wus nuch more sensitive to ura nJL ions
than: tue patent cabaluugi Ruplan suggested tnat! Lthe enzyme
WHs stébiliSud by. its supposed binding to the. uweambrane.

+ The decrea e in catalaae act1v1ty upon breaklng the
cells but before centrlfugdtlon is possxbly dup‘to the re-

1eade of an 1nh1b1tor upon CLll bPPard}'. UubseqUunt low

speed centrifugdtlon,lpresumably by'fumdviﬁr the inhibitor,

F

lc(t mors dCthlty thdn wau pregent buioru.( Nakamura (1960)
bellevcd he had ev1dencv for a chqrcodl,removablc.factof

which lbwered activity in crude extracts of o yram Fositive

thermophilic bacterium. Gther, naturally occurring catalase:

.

inhibitors have been detected by Miyazaki et al. (1973) in

rats. They concluded that a histone protein and a non-histone

J// acildilc nuclear protuﬁxanm:ruspon51ble for depresalng cata«

lase activity if KRhodamine sarcoma, brain, urlﬂen, kidney and-
; Y A ‘

liver. The histone protein had leus aCthlty than thé‘ﬂon-
: -

histone protein.

Thc effect .of temperature ugon the #aralase activity

of both E. CDll and B~ 5“earothermorhllus dlfferr-between

v

[ . - . X
*, . ‘ . . -

v - : s <o : ’ a



-145- s

cell suspensions and crude thrgcts. -ln the' latter thero
is a broud optimum and in- cells su pcn,lonu there is 4
~peak. This could, be a permeability effect such that at low
temperatures substrate does-notApenetratc so:edsily.‘ Above

O, . o . C .
40°C the rapid reduction in catalase activity in cell sus-

pcnsioné‘of B, stearothermophilus can be'expldinud Ly the

heat labllc catalatlc componcnt to be dis cuqud later. wa-
ever cqtalase.activixy, due.to the heat stable catalaplc
' componcnf is meddurablq ceven at 750C'f The cell suspcnsioﬁ
of L. coli decrecases rapidly in catalase activity over u0°C
and i¢ not measurable above 65°C.. . |
The effect of fémpérature on the cétdiasé_gctivity‘of'
crude extracts shows\fhe effeét of hgatlon_the-enzyme sub-
;trate complex. In~both-crude extracts actiVity at low o
‘temperatureu is a higher perceﬁtag; of maximum aci/ﬁlty than |
is tha;‘of_cgll suspensions. This’ supéortr the pcrmrablllty
'b#rrier theory. Af temperatures above the optlmum-the- ess
.‘raPid_deqline in act%yity may also argue for the removal o
Aof a perﬁeabiiity effect.._As_will bé discussed subsengntly:
this is much'greater‘for‘g. Eﬁii' . ‘

The catalase of E. coli, whether in crude extract, or

cell suspension, does not have an optimum temperature signi- .

-

fid&%;;y different from that of gQ stearothermophilué.

L4 . ., +
Furthe‘more in 2 of the 3 E. coli extracts tested there .

A Y

was measurable act1v1ty at. 65 C in one case this‘represented_

Milover 70% of the maximum act1v1ty and was hlgher than that at

25°¢.- However act1v1ty was never measurable above 65°C and™

1
1
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fell'more rapidly after optimal tempepatureAﬁhan'did that of
.g.lsakqpothermophilus. _

It is to be jnoted that the catalase 8f L. coli in cell’

suspensions has near-optimal activity at its normal growth
" - . . .

X ) O P . . - . e .
temperature of 37 C. Thils contrasts with the situation of |

- . . - . . . " T
B. stearothermophilus in some cell suspensionst The growth . .J

‘range of g.'stearothermophiius is 45°-70°C. - The data concern-

ing - cell 5us penJlond uuggcqt that the catalase may not operate
in'vivo at maxxmum.capac1ty. cherthcless 1t is CdpdblP of
. some act1v1t/ at tfmparatured at whlch meaophllca would not

s . ‘
'grow. I‘E must ba’fememberf_d that E. atearothemuophlluu in A

natyre grows in rokf;ng VLthdthn, compo¢t and manure hcap
where oxyfen tension would be comparat;vely low, and peTO/lde“
as by-products of metabolism probably not present in high,coné-

centration. TFurthermore catalase has - the highest turnover

humbjr of any known enzyme, Therefore a low specific activity

does/ ot preclude an adequate total ve1001tj .In other words,

there was llttle adaptatlonal value in the posae551on of a ‘
catalase having Optlmum activity at optlmum growth temperdtugplf_
for this organlsm.. : - . | g | )
’-From Tables 9 and lO it can be seen that the cnerglev_oi
';bactivatlon o;-heat 1nact1vat10n'are S-fO times the energle§ - 5

of activation. This, because we are observing heat.denatura-

tion of protein, which has a high AH, and AS but a low AG.

TN free energy change is small, but the rate of denaturation
-

in the denaturatlon of a prote1n a large Q%g;:: of

is hJ.bn .

hydrogen bonds of small energy (about 5000 cals /mol) which
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-

,'malntaln the confo:mublun of tHe molecule, are broken. 'y
This leads to a, grcut 1ncrca e 1in cntquy and results- irom

thé increase in.kinqtic energy of all moleccules as the tem-.

._pcrature rises. As AG is equal to Alf - TAS, it is small be-

cause AS is‘high and‘positivé. According to both the col-.
. . . 1
lision and the abs olute reaction rate (transltlon state);

1hCOPlea the reactlon rdte varies inversely and as aa QX[OHUnlel

'functqouo;llb Therefore the rate at which proteln denatura—

tion takes - place is hlgh.‘ The rcsultlng change in conforma-

tion of the enzyme molecule leads to lgss of catalytic acti-
. . r ’ :

~ vity. The hipgher the tempdrature the greater 1s the number
of enzyme1qpleculés inactivated. The Arrhcniﬁd plot for heat
"inactivation is steep and therefore the energy of activation

i high.
There is’ a difference between the values of bLoth the

: |

energy of activation and of heat inactivation Detween the

two species. The energy of activation of B. stearothermophilus

catalase is'bver twice that'of the-E. coli in-the crude ex-

) _-tractd. yet in the cell su¢penalon the average is 0 75 that

cf the E. ¢coli average.- ‘Also the energy of activation of

-heat inactivation of B. stearothermophilus catalase is nearly

three times that of the E. coli in the crude extracts, yet‘in' ™
the cell suspensions it is .5-.8 that of the E. coli.

"In g..stearothermophilus'there'is little difference bet-

. ‘ . . * , . . - i
ween values obtained in cell suspensions and in crude extracto

for the energy of aét;vation, and for the energyjof activation
of heat inactivation: '

v * . . ~
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Iq contrast, din L.. coli the cnerLy of acthdtlon is

~about three times ao gPLdt in the cell qudpcn51onu aa in
. . " ¢ . ’

, the crude extract. The cnerpy of actlvatlon of heat in- -—
activation is u4-5 times as great in. the suspension.
- . . - . C " .
i _ Consideration of the values of the energy of activation

\obtained from cell suspensions sugpcsts that in vivo the -

o dctivity of the g. atcarothermophlluu enayme is ) 1f anythlng,
6nly Jéry slightly lesp en51t1ve to tempcrature than thc
E. coli enzymc, over the same temperature range (see Arrhenius”
.plotu, Fips. 28 and '29). 'This correlates w1th the fact that
the hlgh turnovgr numer of Cdtdlauﬁ dllowu 1t acthlty at-

high temperatures.to Le suéﬂLC1ent under the mlcroaeroﬁhilic

conditions usual for B, steardthermophilus.

The possibility exists that the contribution of enthalpy

pL ro . thn lowerlng of the energy barrlcr .&G* ';'greatér'

" -

‘he thermophlllc enzyme than for the meaophlllc enzyme._
This JollOWﬂ from dnalogy with enzymes of ectothermlc and
endotheryic anlmals as was discussed ‘for the ATCase of B.

o

stearothermophilus, S. cerevisiae and !.,psychroerythrus,

The entropy change may be smaller for the E' c011 catalase‘

than for that of B. stearothermophllus because the tem?era—.

ture at which the mesophlllc enzyme 1is actqye is lower,

.and thebe i? éfeater thermodynamic possib%lity df_restraining
disordér._ In whble cells the AG* may therefbre beuignu;-and:-
the reaétion rate +0Wer for the mesophlllc enzyme .

. - ﬁn crude eytracts the B. ‘stearothermophllls enzyme has a &

A

[ 4

hlgher energy of actlvatlon than the E. COll enzyme whgreas

1
. ' - . A
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'in'cell‘suspensibns the thermophilic eﬁzyme has-an.eﬁergyl

-of activation a liftle lev; théh that éf thn‘mesophile
lhlu‘could be }ntgrprﬁtcd as an efftct of thu removal of

a pLchablllty barrlcr and/or the qtab11141nr offect of 5

', mcmbrgnej 1n £2 coli. _thalase‘ié not an cxp—qnzyme”puf I
can be measuqed‘in cell suspensions. _These-finﬂith'suggcst.

some catalase may be membranc-bound. Tt is.possible that the

P . Coe

strpnéer but .nore flexible membpané of B. -stearothermophilus
(Ffiedmang-lgss; Brock, 1969) 15 less affected by heat?than
is fhe membrane of E. ggli.'iln thé latter'orgaﬁism the

'encrpy of actlvatlon is three tlmeu greatcr in. the cell sus-

: pen51on "than in the crudc extract. If there is some mechanism

-,
L)

" in the cell membrane restricting the @ccess of thr substrate

to the enzyme this would be lost in crude_extracts ang the ' -~
. 7 . ] . ’ . . N . - . -

effects of heat upon the enzyme substratc'cdmplex would bLe

all that.is'measuréd, It is p0551b1L thats 1n whole cells of

E. coli but not in B. stearothermophllu" lncreaSLng tqmperaf
. hY ‘ .
.ture affects this fmechanism such that at higher temperatures

it ceases to function. The observed rapid increase of acti- ‘
.vity upon preheating E. coli tells at 40°C correlates with the

higher energy of activation of cells compared with crude extracts.

In céll suspensions of B. 'stearothegmophilus the in- Lok
activation of the‘catala;e is far less sensitive to heat3/
than-thg’inéctivation of that of E. coli."The difference in

rate of inactivation @t'two.ten eratures. being smaller in B;

y -
.

stearothermoPhilus than]in E. coli does not preclude the un-

"

.llkely p0551b111ty that the Trate of lnactlvatlon of B. stearo- .

|



J

l() thermophilus is higher, as can be argued from the presumption

that a lower At may indicate a 1dwep AG and therefore a

Wigher rate. As we arce gealing with a protein denaturation

. this presumption is allowable as AG is known to bLe low, and

A5 hiph and positive. In fact at 5690 the - highest rate.of

~sinactivation was measured in B. stearothermophilus.

Table 11 compares the rates of heat lnactivation of

catalase of 8. stearotheryophilus and L. coli in several™
. M - - -9
experiments., It iv of prgat intcrest that thc hiphest rate '
was

l measuredafor E. atLdPOtICPmOPhlan during 30 seconds at 559¢

(Lxpt. 6), and was not reversed ‘after § SGCOHdS by tolucne

" treatment. Over the first 3 minutes the overall rate was

almost the same for the enzymes of E. coll and B. stearo- . -
thermophilus, in this same experiment. However this does

not .take into account the initial rise.in catalase activity

- of E. cdli. After this the“ratg.of'fhaCtivation is greater

‘for the L colli enzymé (Fig.36). - '. B < f;

Heat 1nact1vatlon takes place between 40°-55°C for.

Y
E. COll and between 56 -65 L for B stearothermoghllus.

Thus oven its normal growth range of temperature the E. coli
' [ .
enzyme is not inactivated, but that of g.:stearothermdphllus

.is. In this‘respect B. stéarothermophilus would be less well

adapted to its environment than is E. celi, but for the high I

turnover number of catalase.

, In crude extracts the energy of actlvatlon of heat in-

activation of B. stearothermoPhllus ls greater than that of

S
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. EJ coli. Thus the B. stearothermophilus catalase in crude
‘extracts is more sengsitive to heat than the E. coli catalase.,
Once dgaln a low rate of heat 1nact1vatloh may be pO“tuldtGd

- There belng littre dlffarcnce betwecn the crude eytract" and

cell suspcnsions of B. stearotheﬁmophilus, in the energy'ﬁf

actlvatlon of heat 1nuct1vatlon, also uugpcuta that the~

mcmbrane has lLttlc gldblllulnr effect in contrast to, that

" There iy evidence for the prescnce of a highly heat sem--

 sitive catalatic Sbstance in’ B. stearothermophilus, and also

a4 very heat stablle onc. The heat stable cn:yn? is yiuch more
. . ) . ~
: . . . . i R & I . -J
heat resistant than the L. coli enzyme at 55°C. The tran
sient .increase in the activity of the L. 6li enzyme may be
a permeability effect upon the membrane o&¢ be due to a con-
.o . . .-
formatidnal change in the enzyme, or ihdeed to come effect .4
", upon an inhibitor OT an activator. The phenomenon also oc-
curs in Yeast (Fraser and Kaplan, 195%5).
. Butanol or toluene treatment of preJ}ously heated cells
'négateS-the effect of the.heat treatment in E. coli. The
. . : ‘.o N . .
presumed 1ncrease in membrane permeability is reversed, pos-
'- 51b1y by a dehydratlon effect, or a conioiJ/tlonal change in _
'membrane proteins and the enzyme is seen to be progressively
T + - = . o =
and rapidly. inactivdated. 'As- this inactivation has already
taken place'before hutanol or.toluene treatment, the pfe-

. sumed permeablllty effect of heat is seen. to be very great.

aAddlng butanol or toluene "tq' . .stearothermothlus

cells reverses. the destructlve fects of heat on catalase

. act1v1ty .Th;s reversal could.be a membrane effect or an ef-

-

I
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fect upon the actual enzyme conformation. It is not certain

153l L

that both the heat sensitive and heat stable. components are
. B ) . \ . ‘ _'.
increased in activity. The heat labile ‘enzyme 1isg clearly'

the one that is most aifected by the toluene or butanol.

IhL high ‘rate of heat 1nactivation is malntained for only

'5'aecond after which. thc catalafe activ1ty dropa exceéd-

ingly slowly and is highcp than that in cella not waahed with -

butanol or' “toluene. This could 'he explained by supp051ng that
f ' L}

rphe heat stable compohent has been increased in activity by
the butandl or toluene treathent.

= In baker's jeaat (Kaplan, 1962) the FCaldU&l catalase.

activity after heat treétmcnt at 60°C dropr gradually ‘with
Atime oi'prcheat tréatment. If the'celle are butanol washed
aftef heatatreatment‘the residual catalase aefivity is Higher‘
bdt_droes more rapidly with heat treatment. -lt drops ver_*y:.j
. rapidly indeed if,the cells are first butanol washed and then .
: - . - : ~ . q

" heat treated. These'results were interpreted by'the-existence

of ‘two catalatic- factors, one called the- patent form, was
:measurable 1n whole cella and was relatively heat atable, and
the other, &}lled the cryptic form, was much more heat labile.
This was revealed when the cells were treated w1th butanol .

either before or after heat treatment:

"In gl stearothermophiluq the heat stability of the cata-

lase is greater Pf the cells are subsequently washed with
butahol or toluene. is suggeéts-that.fhe'cryptic'factor in
‘thls organism is the more stable one, - and the patent facaor

.heat.labile.. It 1s difflcult to postulate the functions of ’ /,J

.

N § -
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the two forms of éatalasd ClcaP1YuhU heat utablu one pro-

VldLu the catalatic act1v1ty PLQUlPCd for uurv1le lﬂ the-

natural-h itat as temperatures rise above 55 C.\\Perhaps

_at temperatures below that the heat 1abi1e<enzyme provides )

additional catalatic activity of value before ¢onditions

N . e s R s e
become microacrophilic from the activities of mesoﬁhlllc'

‘@erobic orplrizmc which dqcreasF the oxygen tension.

he two possible enzymes in B. steabothermophilus.are

not necessarily both catalase. LaCtlL dehydrogenase, of

.yeast, a: flavo heme protein is known tS have catalatlc

properties and there is evidence of jhe-exlstence of two
other cdtalatic proteins in yeést in addition to.,catalase

. - L
of mpleculaf weighgﬂZS0,000. One, a heme protein, has high

sﬁeéific activity and a molecular‘weigﬁt of_l?O,UDO. The '

"~ other, a non-heme, iron cantaining ribonucleo=protein has

. ) . P
Tlow specific activity and’'a molecular weight of 90,000

Aﬂout 20% of catalatic éctivity in_crpde‘extbacts'of wild

type yeast is, due to these proteins described above (Seah,

‘Bhattl and Kaplan, 1973a and 1973b Seah‘and Kaplah, 1973).

Some extracts of B stearothermophllus harvested in

¥
statlonary phase had exceedlngly low qatalatlc act%v1ty.

. It is possible thaf_thiS'was brohght about by lactic dehy-

drogenase or some other protein having low catalatic activity.

—ry

It w@ﬁldlbe necgssary'to.éapry_out.purification,ofjthe enzyme(s)

involved to decide this point. - L j

In'B. cereus the presence of twWo, catalaSes has been

demonstrated by 1mmunologlcal dlfferences and starch gel electro—

’-q



kee a culture in s atlonary phase for several days. Even
D r ESQ 11
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phores}ﬁ (Norrig and Balley, 196u) Une, . found in young

vegetative cells was. 1na011thed at GOOC‘in Slminutes.

The other present 'in older cells and 1n'5pores was resist-

“ant to 80°C for 30 minutev _ Lawrence and Halvorson (195u)

“found it realstant to. 100 C for 5 minutes. g. stearother—

mOPhlan dld not vgadlly form spores under our culture

conditions, In order to obtaln them it was necessary to-

»

1f B stearothermoph us also brbducéé“a different catalase

1n spores it is unlikely that sucm an ensze was - present in

our cells harvested in late llnqar.phase,
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C ‘ ' Summary of the catalaa{/:;vestlgatlons and

mearlson with the ATCSﬁe of B. oteaPOthCPmOPhlan

- ‘ . 1

-

The pattern of catalase activity throuphout the growth ) ”

~of a ‘culture of B. stearothermophllua followu ‘that already
k . . t .
‘ound 1n other organisms, it is, at its hlghe t when cell -

growth has” passed 1ts.max1mum

+ . s f ' -
-

An 1ncreaae ‘of aCth1tj occurs whfn CElla are broken.
No act1V1ty was found in the pellet aftér broken cells were

centrifuged at,}ow or hiyn Stcedf.‘“Thefefoﬁe-if any enzyme

is membrane bound in :he‘e{l&; it iz released when they are : N&J
“broken. The broad temjerature optima in crude extraets,
- - v ~ . . . : .
. . On :
contrasted with a wznl,s s ines ong at~40"C in whole cells. .- .

. : "I . -
¢ pcrmeability may be adveﬁsely

affected by temperatures a llttLe ‘lower or a 11ttle hi her

than the optimum. It l“ also p0551ble that ¢he conformatlon
o - ,
of the énzyme 1 he intact cell\_ﬂ/{altered more d§ tempera- ' - Y

' . .
ture than 1n crude extracts o o

LI There is no, almpl% Pelatlon between the energy of actlva-

-

.tion of the catalase of B. stearothermﬁfﬁ? and\Q\?wth

-temperature, for, 1n'whole cells, 1t le lower than

-

) . . ‘ ! . . Lt : . ~
. © ' that of E. coli._ In crude-ext § it is, however, thqe as .
“high. Thus in vivo the therOphlllC enzyme 15, 1f anythlhg,

- ’ B :
less responsive to 1ncrea51ng temperature L1kew1se the stablllty

of the catalase of B. steanothermophllus does not show.a'51mple-'

correlatlod wlth g?owth temperature, there belng two catalatlce
components, one of whijchi.is more heat lablle than 1s the cata- - T
lase Of.E:“EEEiN However the other:catalat}C'componeﬂt of the.

\.'0.;'. _".."_' | | . - . ’__ . ‘ R - -‘."

- B 7 S , ‘ .
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thermophile is more- heat s;able than the catalase of the
. - ' 7 l
mesophile.

Vqlueslof both the energy of activation and the:gnergy of activ-

. . . ) . . ‘ alisn
of heat inactivation show lrttle difference between crude o

extracts and whole cells of B. stearothermophllus This si-
tuation is‘in contrast to that in E. COll and Suggeqts that
the membrane effect is more marked in the mesophlle. In the

latter brief periods of heat treatment. stimulate enzyme acti-

vity in whole cells, whereas the activity of B. stearothermo-
| . - ;

: Ehllus is rapldly and greatly reduced

The heat 1nact1vat10n of the catalase 'in whole cells

of g.‘stearothepmophllus is partly reversed by toluene-and
butanel treatment. fhis hay be due to'aﬂ effect upon mem-. .
Brane pepmeabiiity or the conforﬁation pf‘the-enzyme. ‘The
‘effect is quite diffefeht whensg. coli cells are butanol

. and féluehé Qa§hed éftér heaf'treatment- The acfiQity isiz
‘ireduced relatlve to cells merely heat treated Once agaiﬁ

a dlfference in membrane constitution is 1nd1cated thbugh

.the possxblllty of a dlfference in the molecular conforma-3

tlon of the enzymes-ln the two spec1es is’ ?ot lmp9551ble.

[

The hea‘t 1nact1vat10n of the catalas-e of B stearcthermo- ' ‘
Ehllus takes place Wlthln 1ts growth range of . temperature,.

contrary to E. EEli ‘This may llmlt 1ts growth under natural

_ cbnditiéns, unless temperatures only.rise high enough to com-

pletely inactivaté -the enzyme when conditions become anaerobic

s
‘-

8

or microaerophilic.
By comparing and contrasting fhe ATCase and the catalase
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of B. stearothermophilus one can say that only the ATCase shows

. some.attributes that one might expect of an enzyme oﬁgp‘;hermo_
phile. It.has an optimum temperature of 6§0°C which.is within o
the grdmth renge df'tee orgenismland'its energyﬂof activation,
13,900 cals/mole, is more than twiee-that of the eatalaSE,i
'5,000 cels(mele.' The'eatalase'hes an optimum temperature'of
40°c which is'below'thelgrowth range of the organism; but,

‘ }as has been stated the microaerephilie eonditions of the‘:
sztuatlons in whlch 1t is found (plles of rottlng vegeta-,

'tlon, canned- food) de not make t e-pOSSESSlon of high cataeffn
._laSe act1v1ty,whether constltutlve or induced,a characterlstlc
.for which ‘there woyld be.strong selecé}ve pressure.
The p0551ble ex1stence "of two catalases and two ATCases
.of*ﬂefferlng thermostablilty is 1nterest1ng in the context
of Zuber S. ev1dence (1973) for thermostable and thermo-.'

'lablle varletles of various -enzymes 1n the same organlsm

Our cultures of B. stearothermophllus were grown at 55 -60 C
_ _and it.is'possible that, as the temperaturegrange-of the
vuuorganlsm_ls_ki_ Iﬂtc_bothmk nds of enzymes were'prodeceq
over this temperature rangea\\ ‘ o ‘

;—‘ o The ATCase of B. stearothermqphllus (that 15, the

'presumed more thermostable one) belongs to the class of

‘enZymes whlch are stable wlthout substrate protectlon at

the temperature of production, but not athlgher temperatures.‘
\ :

The thermostable catalase is also stable at the temperature

of.productlonrbut not abovellt. "There can be. no question of .|
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substrate protection here as hydrogen peroxide inactivates’
catalase rapidly at all temperatures., Thus we have not found
either of the enzymes inuestigated to be intrinsically heat

stable; the ATCase functions optimally at the temperature

~of growth of B. etearothermophllus but is rapidly inactivated
in the presence of substrate ahd'the overall catalaSe aeti-w
v1ty at :this temperatureJthough sufficient’ for mlcroaerophlllc
condltlons, is reduced very rapldly 1ndeed to a small fraction.
The optlmum temperature of the catalase of 40°C may be ex-.
plalned by the very heat lablle catalatlc component whlch

"has been demonstrated. |

The work reported in.thls thesis'has'demonstrated that

" in g.'stearothermophilus the ATCase shows adaptation to S

thermophlly in having an optlmum temperature wlthln the
growth.range of the organlsm, It is also stable at the
'temperature,of production until‘substratesiare present, iﬂ.
15322 Its instability ih the presence of subetrate.iﬁ.
g&tgg may not. necessarlly reflect the in vivo 51tuatlon‘

The same reservatlon applles to its estlmated ‘energy of acti=-
Vatlon, whlch would Jeem to be hlgher than that of . baker s
.yeast whlch is above that of the psychrophlle Although
'catalase act1v1ty mlght not be of great, 1mportance§§? the

tnatural habitat of B. stehrothermoph;lus nevertheless there

r-

is a ‘catalatic component wQEeh is capable of some- actlvlty
for at “east 45 minutes at 60 °Cc in whole cells. This,‘in.'

cview of the hlgh turnover number of the enzyme, is llkely to
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be sufficient inAmicroaeréphilic‘conditions, and, at lower
temperatures, before oxygen tension is reduced by the acti-

vities of other organisms and temperature raised the much

more active heat labile (patent) component protects the

organism.
m ; . . . ) : . .
- I'ne ilnvestigations desceribed did not reveal that cnuzymes

of thermophilic organisms -arc necessarily performing optimally

1

under natural conditions. 1f there was any preditection to .

such. a prejudice it vanished .during the course. of the work..

&

‘Orpanisms in nigh temperature environments must be success—

fui uecuus%.hue LU Lot#i of Lnuir-mutabolic_aCLivitics,
cach'onc‘of them not'ncccssarily chféct grdm oﬁf péint'of‘,
view, allows Lnem_tb_éubceed in tuose tncrﬂally extrene
"situations. .Tuis;partiCulaf'conclusipn is Dart.of q'mobé_.

. general realisation Lhat'many,.if uot all, orgahisms succeed

‘bacause of some characteristics and in spite of others.

[

4
i
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