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i} was examined
for intracellular carbon reserve materials which enabled
the organism to sustain a constant and moderate rate of
respiration for twenty hours in the absscnce of a0y Ox0Eenous
carbon or energy sources. The organism was cultured in a
aodinn vhich supplied uniforaly-rsdicactive glucose az a
major source of carbon. The cell material of radiocactive
cells harvested froa such a culture was geparated cheuically
into four fractions essentially consisting of soluble
internedlates, lipid, polysaccharide and protein. It wss
established these four fractions had approxizately the
same specific radiocsetivity per atom of carbon,
Intaet radicactive cells wers allowed to respire in
the absence of extirnally furanished organie substrates.
The total and specific radiozcitivities of the carbon dioxide
1iberated and the material in the four fraetions prepared
froa these cells vere determined at intervais., It was
clearly apparent that a water-soluble polyssccharide -was
the sole endogenous earbon substrats during the initial ten
hours of endogencus respiration. Furtheraore, carbon dioxide
was the sole product of the respiration of this polysaccharide,
The water-scluble polysaccharide reserve material was
purified by precipitation of the 1= haxadecyl pyridiniun-
borate complex on & cellulose eolumm and elutlion of the
ecoluan with & buffer gradient of decreasing pll. The reserve



material was separated into two compoﬁents {polysaccharides
1 and 2) by these procedures,

Both polysaccharide 1 and 2 were found to be eomposed
solely of glucose within the limits of detection of the
methods employsd. An infrared spectrem of polyssccharide
2 indicated thet it wus & beta-linked glucose polymer. &
homologous seriss of oligosaccharides were peoducts of the
partial hydrolysis of polysaccharide 2 catalysed by an
endohydrolytie beta~ D~ 1,3 glacanase. A disaeecharide was
isolated from the products of this reaction and was shown
to be & beta- 1,3 linked diglueoside. Folyseccharide 1
appeared to have a aimilar structurs to polysacchorids 2,
but it was not possible to examine its chemieal propertics
in any detail.

it was concluded that the intraecsllular reserve
materials sustainiog sndogenous respirstion of Schreononsg
Zalhamensis vere essentially betae- 15,3 linked glucose
polymers,

Contrary to axpectation the Fee was found to be less
than 1.0 during endogenous respiration of Qghromonag, It
vas sstablished that Qchromenas fixed earbon ddoxids during
endogenous respiration and this fixmation may have been the
cuuse of the low respiratory quotient. Carbon dioxide was
faund to be ineorporated largely into soluble intermediates
and protein. The first stable radioactive produet of carboen




dioxide fixation by intact cells was sspartic aeid. At
laust Cwo primary curboxylation reacticns wore demonstrated
using an Qchrononssy broken cell preparation. Ona of these
reactions appearad to be catalysed by L~ malate 3 HADP
oxidoreductase, decarboxylating (B.c. 1.1.1.40.}. The
other reaction was undefined.
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INTROWUICTIOR

Ochromonas swmlhawensis was isclated in pure culiure by

Pringshein (19352). temilton, Hutuwer and Preovasoli {19352)

then showed that certudn chrysowonads, auoug them Uchromonas,

raguired added vitsuin By for growthe. At this time thero
was & need for a method which would specilically assay
esyanocobalandis. Certain autursal meborisls contuined com-
pounds structurally reloted to vitomin 312 which were zetiag
ag the vitamin for a aumber of micro~ovrgonisas while they
hsd no vitamin sctivity for aniuals. Because ol the broad
specitfieity of miero-oxganisus for ﬁ?z-liko CORHOUNUSE ,
vitanin %12 azsay wetheds employing wicro-organisms were of
ligited value vhere the materisl wssayed wes being
eansidered as & sowrce of the vitawin for aniusals,. In
search oi ¢ micro-orgsaiss with a nayrow vitamisn %12
specificity rord {1953) exandned Ochromonas speciflety for

Hiawlih& compounds. He fowd that this orgsnism had o high
order of specificity for cysnccobalamin amd that the growth
of the organisziz in the dark was reluted to the vitamin H:z
concentration in the medium. Ford deseribed a method for
agsaying vitamin By with this organism. Prior to the

adoption of this assay technique it lhiad been tho pructice to



extract Hw comnpounds from natural materials by steaming
thew with 1 per cent sodium acetate at pif 5.0. lHowever

it was found that the presence of wore than Q.1 per cens
sodium acetate in the assay sedium sarkedly inhibited the

growinh: of Hchromonas in the dork.

The work veported im this thesis was originally
intended to be & study of this phenomenom of acetate
inhibildtion. Inttially it vas found that ceetute inhibited

the endogenous respiration of Uchromonas wvhici had been

grova in the dorle. Ishiiolicion did not ccowr with acebsate
concentratious less then 6.0xX10° fiy while maximus inliibi-
tion sccurred with concentrations greater than 1. 15&:1\1}"3 e
purdng maxioes ilnhidb: tion the respirstion rate was reduced
to less than 10 per cent of the nowual rate. scutate
inhibition was apparently pH dependent e.g. at

i

PH 7.0 1.5%107 " ¥ scetstse reduced the respiration rate

.
by 54 per cent, vhile 1.1x10°" M ucetate was witheut effect,

=
4.‘::

novever at pif 5.5 1.1x10 H acetate reduced the respiration
rate by more tian 90 per cent. Formate sl proplonute were
algso found to inhibit the endogencus respiration of

Oehroponasi proplonate reduced the respirstion rute by

95 per cent at concentrations less than 3310-3 e
4t this stage thero scemed to be little point in

pursuing this line of investigation without firet lewraing

scmething sbout the endogenvus respiration wiileh was sub ject
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to secetate inhibition. it was boeped that some lasisht
inte the noture of the switericls xeiiayg s the subsirate
for endogenous reapliration would suggest more profitzble
vays of investigating the prodblem.

Pringsheim {1952} deseribed chroponas mulhacensis

as being "full of reserve substances~leucosin, oil,
ylutdin and greonuios of undnovn NALULE ~ww-, In clder
culiures these drops disapueared,  resumably belag used
up in the osurse of petabolism.® This observaiion, that

gehrowonns appesred Lo have considerable stores of reserve

material, was bornes ont by ths manometrice sxperiments of
Heazin (1950} and Johnson, Holdsworth, Forter and Kom { 1957)
who showed the organism wia capable of sustaining &
constant and woderately ligh rate of resplration for over
it hours in the absonce of any exogonous orgainic carbon
source.

Reserve compounds probably vccur widely in nigher
plants and anisals v.x. sterch, glycogen, triglyecsride,
ate, vhile similar types of woterdsl have besu demoustrabed
in 9 large nusber of wiero-organisms, oo often it hws boen

assumed that these naterials must function as energy-storage

compounds. Tetrahymena pyriformls was an example vhere
such an assunption would have been false. Umdder certain
conditions Tetrahyaena synthesised an intracellular

glycugen—-type polysaccharide wvhich accounted for 22 per

cent of the dry weight of cell mutexial (kyley 1451).
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Hovever in the absence of exirsesliular nutyrient the
asrobic metabolism ol the orgenisza wns shown to be
depernddent on procosses othexr thun the breskdown of the
poelysaccharide {(Ryley 1952).

A vardety of materiale hmve been shown to be sub-
strates for sndegoenous respiratien of miero-~organismse.
tnly in a few instances have there beonn definite demon-
atrationeg that the consusplticon of oxygen suwi the libera-
tion of carben dioxide, which are the vardsticks of
sitogenouws resplration, were the direct result of the
cataboliss ef o specific compound. Nost of the earlier
reports of quantitative variation of endogenous reserve
mateorisls in micro-organisas have involved the use of
cytochemical technicues. Changes in the gquantity of
polysaccharide in a eell were noted by cbserving the
intensity of the periocdate-Sehifi or iodise staining
reactions. Yariastion in the lipid content was casessed
from the size and intensity of the lipid pranules a#f'ter
the uicro~organiss had been stained with fat-soluble dyes
such as Suden black. Yolutin granules, which wers
gonerally belisved to consist of polyphosphates, wvere
detected by means of their intense basophilie metachromatic
staining. Goenerally those methods were seni-quantitative
and rather non-specific; indesd the association of
polyposphates with volutin granules was receantly queried

(Hartinez 1963}).



Freguently the nature of an endogenous reserve
materisl was inferred frosm the valuwe of the respiratory
quotiont {R.(,) which was deternined muncmetrically.
However as wnsupported evidence lLittle relience can be
placed ian such luaferesnces. Yhere the #,0. was detersined
by the varburg direct wethod, eften 1t was nol established
wisther the respiratory rate was altered in the absence of
carbon dioxide. R.i. values ooy glive a false indication
uf the naibure of tho reserve muterisl il thers sre other
terminel producis of wetabolise ia addition $u carbon
dioxide. There have boen instances whore the gas cexehange
was the result of processes other than endegenvus rospira-
tion 2.z in order to oxplain K.i. valoes sideh veried
botween 1.9 and 2.5, Chester {(195%a) suggested that both
respiration and fermentuation of yeast endogencus reserves
took place at the seme time,.

An esrly o'bsurvatian of the utilization of endogenous
resorves by slero-orgunisus was reported by Heidssuer (1900).
fie studied the appearance and disspposrance of glycogen
from yeast by stainiug the cwells with iodine. Cells filled
with glyecogen produced more than the theoretical amount of
carbon dlioxfide during the fermentation of a Sugar substrate.
seissner called the glycogen & teuporary reserve material
and pointed out the survivael value of such material to the

coll. fiarden and Young (1902} showed by chemical snalysis
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that glyecopgen was the principal reserve gurbohydrate in
Yoesst. It was generazlly beld, but never agtually
danonstrated, that this glycogon was the ultimate substrate
of eudogonous respiration in yoast, c.g. larden (1932).
Stier amd Stammard {1936) produced the first tungible
evidence that glyceogen might be the emivgenous substrats
for respization. ‘They reported that during endvgenocus
regpliration of yeast the B.u. was 1.0 and ueing an icdise
gtaining technique they observed a progressive decrease

in the guentity of & red-brousn staining waterial during
prolonged ckdogenous respiration. Umdogenous ermentation
retesz of ysast have beon related tov tho content of an
slkili~insoluble carbohydrate {Pales 1951) and to s decreass
in eellular carcvohydrate content {Cheater 1959b). However
it was not until 1960 that futon (1960) definitely demon-
strated by chemionl analysis that only glycogen was
utilized by yeaat during eadogonous respiration. The
guantity of glycogen which disupponred from the yenat cells
was shown to be egquivalent to the awount of curbon dioxide
evelved. Daton {1961) went on further to demonstratn that
there wore two distinet glycogon components that actsd as
endogenous substrates foxr aercbic respiration by yeast.
Although it was found that there were two substrates for
andogenous feormentation only one of these was & substrate
for serobic respiration. The other farweutatiun substrate

wias shown to be truhalose.
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Palmstierna (1256) reported fhat an alkali-stable
polygiucose secumulated intraceliulerly in Sschoerichin
gold.

Although they did not show that this glycogeu-like
polysacscharide was the substrate of endogenous respiration
in the absence of ¢xogencus substrates, Hoime and
Palustiorna (1956u) demonstrated that the polysascharide
carbon wns utilized by L. culi for the synthesis of protein
in & carbon~deficlent, aitrogen-contsining mediuvwm. From
chioniesl analyses of tho carbohydrate and glycogen contont
of k. colil during smdogenous respiration, Dawes and Ribbons
(19622} concluded that glycogen wus the priumery ondogonous
substrate in thizs organisme.

During a study of the survival of ferobacter
aursrones, Strange, Vark and Xess {1961) showed that a
glyecogen-type poelysaccharide was degraded amd oxidized
during endosencus metaboliss of cells which had been grown
in & wodiwm which allowved the asceusuizétion of this
pelysaeccharide. & glyeogen-1like polysaccharide hes also

boen isolatad from avien liycobucteriun tubercuiosis although

there was no evidence that the polysaccharide was an
sudogencua substrate for the orgeanism {Chargaflf and Moore
1944). It had boen shown that Rlicdospiriilum yubrus
incorporate:d carbon from succinaie into a polysaccharide,
but the role that this polyssccharide might lhasve played

in the endogenous mctabelism of the crgunism was not




He

investigated (Stanier, Doudoroff, Kunisawe and Contopolou
1959) «

A& number of polyancahafide resexrve materials lhnve
been reported to occur in protozos mud algne. Some of
these polysuccharides have been isolated and extunsively
characterized. Clazkoe and dtone (1960) isolated and
charactorlzed a beta-1,3~ iinked glucoside from Iugisua
graciiis. This polysacchoride was identified with the
parauyion granules which could bo observed in the orgonisam
nierascepically. These gromules hoave been observed to

decrouse in size and number during starvation of Durlens

{Pudilla and Huetow 19%59). Danforth sud Vilson {1961}

fognﬂ that Duslena respiring smdogenocusly had a R.0. of

1.0 and they suggosted the endogonous reserves mlzht be
carbohydrate in nature.

As mentloned ecarlier, u glycogoen~type pelysaccharide
was found to accumulate ja Tetrahvwena pyriformis {Eyley

125%1) . roramylion granuales in Pepanecun tricheophorus

wore shown to contaln a polyssecharide with betael,3-
linked glucoss residues {Cunninghsm, Hanacers amd Ryley
1962}, Archibuld, Nanners and fyley {1958) isolated

and characteorized a watler solubls beta-1,j-glucosids from

Ochromonss malhumensis. drilosenas pagunecium was shown
to form a polywer which was similar to beta-amylose
(hutchens 1948},  tarlier, Mast and Pace (1934%) had

obsorved that the guantity of carbohywirate reserve
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material in Chilomonas decreased under conditions of
starvation. Although 1t was prebrble that in the majority
of thegse instances the protozeal and algsl polysaccharides
would probably serve as the substrates for endogenous
respiration of the organisms, in no ciase was this defin-
itely demonstrated. As was {ounc in the case of

Tetrohymens pyriforais (Ryley 1952), the assumption of

such & rels for these pelysaccharide materials wmay be
incorrect.

Stephenson ami vhetham (1922) probably made the first
observation that lipid material could be an endogenoua
reserve for micro-organiams. They resorded that the

non~phosphatide idpid content of jiycobucterius phlei

began Lo decrease papidly after the orgaucism had pussed
into the stutionary phuase. In the absence of exogenous

nuirismi, the R.0. of suspensions of }Mycobacteriuam

luberculosis ware observed to decreass f'rom 0.8% to (.72
(2adrejew 1948},

The aitustion concerning lipid reserves in yoast is
not clear. Stier and Stannard {1936 and Splegelman and
Nomawe (1943) roported that several spoelies of yoast had
Raile values of 1.0 during emiogenous respiratiom. ELaton
{1960) definitely desonstrated that glycogen was & sube
strate of endogenocus respiration in yeawnt. Howevar,

Heyerhof (1925), who was tho first to determine tho R.q.
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of yeast respiring in the absence of added substrate,
found K. . was 0.85. Stickiand (1956} also found that
_the Retiw OF yeast in the absence of exogenous substrates
was G.85. Furthermore, Stickland foumi that the
polysaccharide content of the yeast cells, which was as
ruceh as 30 per cent of the dry welzht, did not decrease
during endopgenous respirstion. The nature of the non-
carbohydrate subsirate of wndogenous respirstion was not
inveastiszated, Lut Lindegren {1945} suigested that this
resexrve aaterdisl was lipid and Heinar, Gest s Xomen

{1949 reported that Saccharouyces cersviaiae sssinilated

radioactivity into the lipid fraction of the cells by
Termwentsation of (‘5‘66) giucose.

fagley and Johnson (1953) reported that lipig
accusulated in Lscherichis coll whon the orgunism was
growvn in o osdiva vhere scotate was the prime source of
caerbon. It was net slown whether this lipid muizht sexrve
248 B reserve material, but this report will be discussed
later in relation to the offect of cuvironment on the
pature of the resorve materials loraed.

The ciliste Tetrshymena pyriformis was found tc con-
tain 15 to 20 per cent dry weight of lipid (McoXee, Dutcher,
Groupe and Moore 1947). Hyley {1952} showed that this
organien did not utilize un intracollular store of
polysaccharide during ondojzonous respirction and it was

established that the R, , of cudogenous respirntion was (.85,
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It wvas suggosted that the orguniam was oxidizing fat or
protein rather than carbohydrate. liowever Pace and Lyman
(1947} were unable to observe microscoplically any utlilizae
tion of fat during respirotion of T. pyriformls. The
quantity of reserve lipid in Paramecium cawdatum was reported
to underge a ropid decroase whon the orgunism was deprived
of external substrates (Grobicka and Wasiicwska 1925).
Fron the forepoln; it was upparent that the stotus
of lipid reserves as substrates for sudogeunous respiration
was not definitely established. However a specific lipid-
type conpoundi definitely has bLeen shown to be o substrats
of endogenous respiration in wicro-orgenisms. 4 polyuer
of beta-hydroxy butyriec acid waa shown by Lemoigne (1927)
to be a major constituent oif the cell material of Bacillius
mepgatoriviu. Reeently this polyner was shown to occur
quite widely among bacterxria {rorsyth, liayward and Roberts
1958). Under certain conditions this polimer accounted
for 43 per cent of the dry weisht of the cell materisi,
Both Zacillus corcus and B, megaterium utiiized stored
poly-boeta~hydroxybutyrate vhen washed suspensions qf the
cells were shaken in the presonce of oxygon (sacrae and

¥ilkinson 1958a). Rhoduspirillum rubrus photo-assimilated

acolate, buiyrate and beta-hydroxybutyrate into poly-hatn=

Vi
s

hydroxybutyrate (poudoroff amd Stanier 1959). ¥eing (' '¢)

acetate R, ruabrum iacorporated radiocactivity into the
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polywer with little dilution of the carbon. When tha
washed labelled cells were illuminated in the presence

of ammonium chloride 90 pexrcent of the radioactive polymer
disappeared and much of the ('aﬁ) became distributed among
the other cell constituents. The fate of the radicsctive
polywer vhen the coells vere allowed to respire in (he
absence of any substrate was not investigated. Doudoroff
und Stonier (1959) mlso cstablished that poly-beta-
hydroxybutyrate acted as the substrate for the andogenous
respiration of Pseudomonas gagscharophiia. Thres species

of Nydrogenononas were found %o be rich in poly-bata-

hydroxybutyrate {(Schlegel, Gettachalk and Von Barths 1961} .
Although the awmount of polyuer in the cells was found to
decrease during suadogenous respiration, the decrease Wi
not correiated with the asmount of oxycen tuken up and it
wag suggested that there was amnother endogoenous substrate
in addition to the polymer.

Several obsorvations have boen wade implicating protein
or {ree mmino acid peols as substrates for endogenous
rospiration of auiero-organisus. Yhen washed cell suspensdoms

ef Saxcing luten, which had been grown on a peptone wodiuam,

wors acratod suwonia was reiensed amd the concentration of
the free¢ amine acid povl was roduced while the 1ipid anagd
surbohydrate content of tho colls remained constant (Dawes
and Holms 1958). If the organism was grown on a glucosc-

peptons nedium there wus a reduction in the carbohydrate



13.

content of the cells during neration of a washed
suspension. These glucose~puptone grown ¢ells still
utilized the amino acld pool amnd released amsionia at a
rato which was less than that of the poptone srown celle.
Thus the carbohydrate was not the sols substrate of
endogzenous respirstion in glucose-peplone grown cells.

The role of intrecellular glycogen as a substrate for

the endegenous respirastion of Zscherichia coli has already

boen mentioned. Dawes and Ribbons (1926a) found that
vhen the glycogen resorves of this orguniss were exhausted
by endogenous respiration the cells bepgan to relesse
assonia. Yt was not dofianitely established whether protein
or the anino scid pool was the source of this amsonia,
although the concentration of the emino acid povl was found
to remain constant during the perioed of simonis relezse,
Since the release of amsonia was subsesuent to and not
concouitant with the depletion of the polrsacchuride

resevves of tho orgauniswm, it wss aot closy whether the

material relessing nitvogen wis a true intyacollular reserve.
The release of wvumonila in this instance say heve been s
reflection of a situatlion where the coil bad eoxhausted zll
its reserve material snd was forcoed o oxidize sowme of its
noracl collular constituonts, £ reserve material sbould

be present in oxcess of the quontity necessary for the
survival of the cell., If the cells remsined viable during

the period wvhen smaonls was relensed, then it might be
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inferred that the source of ammonia was & reserve mutorial.
It wvould appesr that o compound zuch uas glycopen could aect
only as a resorve matorial. However wilkinson (1959) has
indicated that some substances say be produced as an
attenpt to deotoxicate toxic end-products of metaboliam.
Protain is sn essential constituent of all cells so that
the distinction botweon essential protein and reserve
protain siny aet be susily deteruined.

vhen wushed suapensions ol Asrobacter aerc-ongs were
acrated the suantity of protaeidn in the ceils wrs steadily
reducad (itrange, Derk aod YNessz 1961). This loss of
protein was acuompanied by &en evolution of amwoniz. The
utilization of protein was concomitant with the utilization
of the cuarbohydrate reserves of (his organism. As much as
<5 per cend of the cell protein was lost without affecting
the vigbillity of the ecolis and thus it appeared that the
protein wvos astiang la the capaciity of o reserve material.

Pasudomonas aeruginosa was snother organism that

liberated amgonia in the course of cndogenous respiration
{varren, Tlls and Cawpbell 1960}, During ondosenous
respiration there was a veduction in the gize of the
aminv~acid poal, but this reduction was scoounted for by
the guantity of amino acids released froa the cells into
the mediuvm. iIn the sane report it was stated that oo
changes were observed in any other cell constituents.

However, it wss subsequently reported (Campbeli, Gronlund
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and Dunean 1963} thot Pseudomonns aeruginosa liberated

matorial, which had am absorption maximum at 260 millimicrons,
into the medium during endogenous respirction. It was found
that this process wias accompanisd by a loss of ribonucleic
aeid and an increase of inorganic phosphate in the cells.

The production of ammonin und the consumption of oxyzen

wara shown to e primerily ussscciated with the ridbousomal
fraction of the coll. It was concludsd that the data
implicuted ridonucliaic neld as the e jor eudogenous sub-

strate in Peeudononns serucinoss. Presuwusanbly the ribonuc~

lelc acild was deogruded as o sounrce of readily oxidized
peniose residues snd the bages were sxereted into the
wed i Ziuce the releass of material sbaorbing at 200
vdilimicrons has bheoen eobssrved during the siarvation of a
nusher of micro-organisas {Holden 1958, dMNizuehl snd
Venursz 12%3%, Stephenson and Moyle 1945, Strange 1961), it
might transpire thaot ribonucleic acid is a gensral reserve
materdal in wiero-organisas.

Frog the feoregodny discuasion of the different types
of reserve moterials it was apparent that some mieroe-
organisms msy possess sors than one ondogonous zource of
carbon sud eneryy o.g. Sereins lutea and Jercbagter LorOLenes.
it was alse evident thal ihe compeosition of the growth wmed v
could influsnce the nature and gquantity of the resorve

material synthesised by the cell. The relation between
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bacterial cousposition and enviroiment has been the subject
of recent reviews (Wilkinson and buzuid 1960, huguid and
Yilkinson 1961, lerbert 1961). There was suffiecient
ovidence to support the goneral statoment thut the bhigh
l1ipid und high polysaccharide content of micro-orgenisms
was usually associnted with growth in wedia whers nitrogen
was the factor limiting growth (Herbert 1961). Thie
relationship has been mentioned before in the ciase of
Sareins lutes (Pawes and Helms 1958). vwhen K. cold was
grown in s medium vhere glucose was limiting, little
glycogen wos Tormed; when mumonia was limditing the
lycogen content of the cells was high in the final stages
of growth {(liolme ami Palmstiorm 19560). inalogous observa-
tions were repocrted by Libbons and Dawes {1903). Yhen

e coll wis grown in glucose-amEonius or glucoso~tryptone
media, the orgouism utilized cuarbohydrste reaerves vefore
the releuse of smsmonia was observed during ondogenous
respiration, If the orgunism wae grown in a tyyptone
modius the carbohydrate content of thoe cells was low and a
relosse of smwonia wius doetected at the esriiest times after
the wushed cells wore transforred to a phosphate-bulfer
madiws,. Sdmilar results Lave Lean reported for lerohacter
aerogrenes {Strange, Dark and Ness 1961 and Tornla utilis
{(Herbert and Tempest 1961).

The same relationship was evident in micro-organisus
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which formed poly-beta-hydroxybutyrate as & reserve nuteriai.

¥hen Jacillus megaterium was grown in a medium where coarbon

was limitiong, little polymer wus formed; when nitrogen was
limiting growth high levels of the polywer were synthesised
{(nerse and ¥ilkinson 1958bL}.

Thore way be another type of relutionship between the
degree of oxidatios-reduction of & carbon substrate sand the
forvwtion of lipid or polysacchuride resorve materials.
When an acgtate medium was supplemonted with gruaded asounts
of glucose Dagley and Johnson (1953) found that the amount
of polyscccharide synthesised by . colil incrcased with
the increansing conceniration of glucose in thoe mediuu.

The inerease ia polysacchsride content wis accompanied by
a deerense in the content of 1lipidd. Maorue ami Wilkinson
{1958b) reported that the quantity of poly-beta-

hydroxybutyrate synthosised by Bacillus megsterium depended

greatly oa the presencys of acetzate in the mediuwm,.

it is apparont froa the previous reports that careful
ationtion must be given to the conztitution of the growth
medium, the conditions of growth and the composition of
the environment in which the cells respire endogenovusly,
bafore anking evuparisons of reserve muterials amonyg sicro-
DEEEni oG . Ry itselfl, the knovledge ofltha chemical
constitution of a wicro-organisa has 1ittle significnnce
unless it can be velatod to the Lfuctors mentioned.

Aaronson and Boker {1961) reported that lipid accounted
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for approximately 33 ner cent by weight of the cell material

of dark-grows Ochromonas walhamensis. Areibibzld, vanners

and Ryley {19058) 1solated from ODghromonas a wates seiuble

pelysaccharide which they presumed was the materdsl that
congtitutud the lvucosin deposiis observaed by Pringshedr
{12:2), This pelysascchuride was characterized and found
to ve primorily a livesr bets-1,3~ linked usluean coesntaining
a small percentise of Waniose, Pord and Goulden {19359)

estimated the total cervohydrate ian dari-grown Qehrosonas

to be approximately 50 per cent of the dry weldght of ecell
matﬁrial; the orgeniss was grown in a gluccse-citrato-
casein hydrolyszie medisu. Thus there were ai least two
saterisls. lipld and earbehydrate, that were sotential

substrates of endogencus respiration i DL HIMNI0NAE .

iewein {1954} fowsl thet Ceohrowonas, whieh had besa

rown on a glucose-citeale-anins agid mediwsm, respiresd
endogonously at o coustant rate for &0 hours. after 20

»

houps of swlegencus respiration the respiratory rute began

to decline. Frowm a kinetic anelysis of this decline leazin
concluded that only one endogesous substrate became rate
limiting. 7Throuzh all @taﬁéa of endogenous respliretion the
Helle Pomalned constant st a value of 0.8 and it was sugpeested,
without other experimontal evidencae, thet some compound

other than carbobydrate ncted as the endugenous substrato.

The first part of this thesis was concerned with ascertaining

vhether one or Loih of the two reserve maturiasls
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previocusly detected or some other material formed by dark-
growi Ochromonas was the gubstrate for endogesnocus
regpiration of this organiam.

¥ithin siore recent tlues, most of the attention given
to the problems of endogenous metnbolism has been directed
toward assessing the magnitude of endogonous respiration
during reapiration of exogenous substrates. Some miero-
organisus have a relatively high rate of andngenaus'
respiration compured with their rate of rospiration in the
presence of added substrates e.g. Penicillium chrysogenum
(2lumenthal, Soffler amd Heath 1957) and Sarcin: luteo
{pawes and Holms 1958). 4 order te obiain a quantitativae
weasure of the respiration ol the exteranel substrates it
Wid necessary o make sowe corrsction for the endogencus
raspiration.

Barker (1936} introduced a manomeirie method %o correet
the iotzl respiration rate for the endogenous rospiration,
Howevear the validiiy of this technigue waa often questiovnable
sinee the carbdon of some substrates was oxidatively
asginilated and it was not always possible to test the
oxtent of this assluilation, Alse it was found in sowme
instances that the oxidation of the extorusl substrate
altered the rate of endogeneous respiration {Biumenthal
et al. 1957).

in isotople technique for assessing endogencus

raspiration was suggested by Surris (1949). in this
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technigue the orgunism was grovn in a medium so that it
became uniformly lebelled with carbon-14, Then determina-
tion of the radiouctivity of the reapired carbon dioxide
would give u messure of the endogenous respiration rate
during the oxidation of an unlabelled substrate.
Blumenthal ot al. {1937} and Glumenthal (1963) have
revieved the literature concerned with the use of Loth
the manometric and isotopic techuigues and they have
criticised soms of ths smethods employed,

A8 o Jogickl extensien of the technique where labelled
zells were used to assesa the rate‘uf endogonous respiration,
it would have been possible at the same time to ascertain
the nature of the veserve waterianl by followiag the
disagpesarance of radioactivity frow the compononts of the
cell mutordal. Dlumenthal, ¥offler and Goldschmidt {1952)
have pointed out that the release of (‘&ﬂ} earbon dioxide
from cells videh were not wniformly-labelled would not be
representative of the total endogencus turnover. Therefore
the cells used to assess endogonous respiration by this
isotopie technique should be uniformly labelled. a8 a
coraiiary to ihils proposition 1t follows that the dis-
appearance of radiosctivity from the constituenis of
non~uniforzliy-liabelled cells may not represont the
disappearance of czrbon from an ondogenous substrate of
respiration. Thus 1t might be difficult to assess the

results eobtuined frow any but uniformaly labellied cells.
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The wethods described in this thesis, vhich were smployed
to detect the substrate of emiogenous respiration in
Ochromonns, were derived from the foregoeing considerations.

Anothor aspeci of the problem of endogencus respiration,
hitherte largely ignoered, but recently raised by Daves and
Ribbons (1962L), was the role played by the inorganic
components &f the wmilien such as water, oxygen, carbon
dioxide, nitrogen and phosphate. These fucitors may
influence the pattern of endogonous respiration. 4 signi-
ficant observation in the present context wos made by
Palmstiornal{ 1956) whe found that f. coli could synthesise
carbobydrate wmatorial frowm corbon dioxide in the absencs
of other exsgenous garbon and nitrogen sources. The socond
part of this thesis vas concoerned with the participation of
curbon diuxiﬁa in the endogenous metaboelism of Ochromonas.
£8 san extension of the findings made with carbon diexide,
carboxylation resctions in Uchromonus wore briefly investi-
gated,

For mony veayrs it was thoupht that ths abllity ifeo
utilize atmosphoric cervon dioxide was confined to the
higher plunts, algae, rhotoaynthetic bopteria and
chemosynthetic bacterin. Then Yood and ¥Werkman {1935)
presentod the first experimental evidence that heterotrophic
non-photesynthetic bacteria assluilated carbon dioxide.

It was ten years aiter this observation before the first

primary carboxylation roeazciion vas described by Ochoa {1945} .



R24

Including this discovery, to dete a total of twelve primary

carbon dioxide fixation resctions have been described.
dchoa {194%5) was the Ffirst to shov that the reductive

carboxylation of alpha-oxoglutarate to form isocitrate was

catalysed Ly an enzyme obiuined from pig heart:
alghu-axoghs tareks + CO, + MADPH, —4_——_)_- isocitrate + HADP.

isvcitrate debydrogenase (Ls isocitrate:¥NADY oxidoreductase
docorboxylating E.0. 1.1.1.42) from pig heart was ADP
spacific. Hoth & NAaDP- and a ¥iD-specific enwyme havoe been
demcnstrated i yesat {Kernberg and Pricer 1231). It was
originally thought that the RiliF- specific eanzyue was locatal
in tha cyteplasm and the HAD-speciflic gnzyme wes iun the
uitochowiria, but some doudbt has beoen expresssd concorning
the validity of this {“iegler and Liummme 1958). There

have heen nc reporis of ¢arbon dioxide Tixstion vian this
raeaction in bacteria.

The next discovery of a primury cerbon dioxide fixation
reasction also vcourred in Gchon's luboxatory (Oches, Nehler
and Yornberz 1947). Ain enzyme obtained from a liver
extraet ontalysed the ruversible reductive synthosis of
malate from pyruvete and carbon dicxide in the presence of

NADIH, @
pyruvate + CO,+ NADPI, —*-( uwalate + KADP.

This enzyme, vhich wes found to be widely distributed in
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animal tissues, bacteria and plants {Uchoa 19514}, was
NADP-gpocifie (Gchoa 1955). "Malie” enzymo {L-salate:NADF
oxidoreductase decarboxylating £.0.1.1.1.40) was found to
have a low affinity for carbon dioxide {Utter 1959). A

"walic® enzywe Youni in joctobscillus arabinesus appeared

to be different to those fowul ik aniwal and plant tissues
gince it had only veen ghown to extulyse the decarbozxylation
of malate snd the product % thias decarboxylation was
lactate rather than pyruvate {(lorkes, del Caupilleo and
toehon 1950). Furthermore, decerboxylation catalysed by
this engyme wus ¥ab-dependent. 1% woes not possible to
demonsirate ¢:—xrb0xi Gloxide fixation with the enzyme frum
Las arabinosus.

varburg and Christisn (1936) found that yeust extracts
conld oxidize 6 phospho-gluconats in the presence of NADP.
ftorscker and Suyrniotis (1952) were able to demunstrste the
reversibility of this resction znd thus estuablished ancther

priouyy ecarboxyiation reaction

ribuloese~5-phosphate + _(___'__—>' 6 phospho-gluconate +
Cﬂz 2 ’.‘;‘f;l)‘f’ﬂa XADP

The reaction appearsd to bo amslogous to those already
mentioned in that reduction wuas linked to NADHP and a Leto-ugid
wag invelved, The enzyme catalysing this reaction

{6 phospho-Degzluconatei VAP oxidoreductase decarboxylating

EaCay,1.1.44) was found to be widespread among plants,
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animinls and micro-organisas.

A differant type of carboxylation reaction, requiring
no ¢xternal energy scurce, is catalysed by the ecnzyme
phosphopyruvate carbexylass (orthophosphatesoxalsucetate
carboxy-lyase phosphorylating E.C. %.1.1.31} {Bandurski
and Greiner 1983)

phosphopyruvate + €O, P sxnloacetate + erthopboaphate

The reaction is ascompanied by a large decresss in free energy
and is generclly regurded as irreversible. The onzyme has
& high afPinity for carbon dioxide and phosphopyruvote
{(valker and Srown 1957, ¥slker 1957} end its prosonce Las
beon demonsiruted ouly in planta and autetrophic bacteria,

An enzyme (ITP: ozaleacetute carboiy-iyase transphosphoxy-
lating 2.0, 4.1.1.32) purified from chicken liver was shown

to eatilyse the reversible svaction -
phoapbopyruvate + CO, + IDp -(—_—)—. ITF ¢+ oxaloacotute

{Utter and Furahashi 1954). This ocowvyme was slso active with
GDP but wet with ADP {Yurahashi, Pennington and Utter 1957).
The specifity of the avian enzyse oy GDP and TH9 did not
eztemd to an enzyme isclated from plants. The plunt enzyme
reguired AQP and was insetive with either IDP or GDP (Mazolis

and Vennesland 1956). The affinity of the avian anzyne for
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carbon diozide was found te be slightly greater than that
of "malie” enzyme (Stickland 1959).

in order to explain the labelling pattern observed
in phesphoglycerate, which was the first stable radioactive
product detected after exposurs of Chlorella te (mr:’j
carbon dloxide, it was suggesteod thst ribulose diphoaphate
uight be the priwmary acceptor of carbon dioxide {Hasshaum,
Benson, Hay, iarris, ¥ilson snd Calvin 1954). This pre-
diction was confirmed in the reports of Quayle, Fuller, Ben-
son and Calvin (1954%) and Weissbach, Smyrniotis and
Horecker (1934} who demonstrated that the onsyme ribulose
diphosphate carboxylase catalysed a resction which was

bulioved to proceed as follows ;
ribuicae~1,5-diphosphute + £9y e J-~phospho glycerate.

Attenpts to reverss this resction were not sucvessful: the
snzywe had & very low affinity for carbon dioxide (Yeissbach,
Horecker and Hurwitz 1956). kinctic studies of the incor-

poration of {3 ¢} corboa dioxide by the photosynthetic

bueterium Rhodopseudomonas sphericuos indicated that the

ribulose diphosphate carboxylase catalysed resction was
operative in this orgenisw {Stoppuni, Ffuller and Calwvia
1955). This enzywe has been dotected in nearly all the
chenoasynthetic bacterda investigated (visiminc, Horecker

and Ochoa 1957). There have been only twe reports of the
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enzyme in heterotrophic bacteria (Fuller 1938, Juayle and
Keocch 1959).
The condensation of carbon dioxide with propionyl

CoA,y uccording to the reaction -

Propionyl Cos &+ ATP + co, ‘_-___-,' mothylmi.ofgf ’{:o.-.’a + ADP
vas demonatrated with an extract of pig hesrt by Yiavin,
Ortiz amd Ochos {1955)j. There has been one repert of this
veaction in a miero-orgunism (Gibson and Knight 1961). The
activity of thowszyume {propionyl Coa 100, Lignse, sDP
Ealo6eBa1.3.) catalysing this reaction wes foumd to be
inhibited by avidin and the purified ouzyme wus shovn to
eontain biotin (Hazire, Ocheas, ¥urner and Chen 1961).
Bachhawat, Roebinson and Coom {1956) establishied that
carbon dioxide was fixed by rut liver siices during the
, broakiown of leucine to acetoscetate. Hubzequently Inappe
and Lysen (1958) found that the resction respousible for the

uptake of cexrbon d:i.nxid_n counld bo formulated s follows :

bais-methyl erotonyl Co2 » 4__,)' beta-mothyl glutaconyi
ATP « 1302 Coa » ADP + iP.

The neti ity of the enzywe (bLeta-wothyl ecrotonoyl Coi; co,
lignes, ADP E.0.0.%.1.4.) eatalysing this resction was slao
inhibited by ovidin (Lynen, Xnappe, Loveh, Jutting and
Hdagelman 1952).
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Following the demonstration of 2 reguirewment for
carbon dioxide during fatty acid synthesie, wakil (1958)
purified an enzyme (acetyl Coa: €6, liguse, ADP B.C,
Goltet1a2.) which satalysed the reversible carboxylation of

scetyl Coi~
acetyl CoA + ATP + CO, oo P= malonyl Coi + ADP + 1P,

This enzywe uslse apparently required biotin for activity
since it wes dubibited by avidin (¥akil, Titchener and
Gibason 1958).

An enzyme, aaino imidazole rivbogucleotide carboxylase,
obtuined from chicken liver was found to catalyse the
ineorporation of carbon diexide into the 6~position of the
purine ring during the bicsynthesis of purine nucleotides
(Lukens and Buchanan 19%9). The reuction has been dewon-

strated to proceed sccordiag te the eguation -

S5=zumino-inidazole riboruclieotide + e Seumning-l-iniczok
002 carboyxylie acid
ribonucleotida.

There have bean ne reports of this ensywe in plants ur nievo-
organdsng,

an vnzyme thot catalyses the foruaiion of oxaloscetate
by direct condensation of pyruvate and carbon dioxide wos

recontily discovered in pigeon liver nitochondris {Utter and



28.

Keech 1960). This enzyme {pyruvate 10, ligase, ADP E.C.
6.lde1s1.) required catalytic amounts of acetyl Coi for

agtivity and the reaction was show to procesd as follows -

acobyi Do
pyruvate « 2TP + cx}a "_(___)' oxuloacotate +» ADP & iP.

he suzime was apparently biotin-depeixient sinecs the
recction was inhibiited by avidin. The enzyme was shown to
be spocific for ATP amd hind o hiph affiniiy for carbon
dioxide (Uttexr 1961).
The most recoently discovered carovuxylation reaction was
another vhere phosphopyruvate was converted to oxaloacetuts
{5iu, Yeod und Stjexnhelwm 1561}, The reversible reaction

wrs shown to proceed according to the eguation -«

Fhosphopyruvate + C0, + iP z oxnloacetate +
pyrophosphate.

This renction was notable in thwt it appeared to be the
first exsmple of pyrophosphate serving zs n source of
high energy phosphate. The snzyne {Phosphogyruvate
carboxytransphosphorylase) catalysisg this resction was
shown to have & high affinity for carbon dioxide {(Siu and
Vood 1902). The enzyme was not biotin~dependent since its
activity was not inhibited Ly avidin.

The tvelve foregoing roactions have boeen dipcussed

oxtensively in & nuaber of reviews (Gehoa 1251b, Vtier
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1959, Utter 1961, Walker 1962, Yood and Stjernholm 1962).
Thers aupears to be only a single report oi carbon
dioxide fixation by & heterotrophic organism iu the sbsence
of exegenous carbon sources {(iiolue and Falmsticrna 1956L).

There was no eviderce that this fixatlien wos peculisr to
the endogonous metabolism of L, ¢oli or il the fixation
was & function neceasary for respiration by the cell, be
this with endogoenous or oxogenous substrates. Outwardly
this carbon dioxide fixation would appenr (o be autotrophic.
“owever, the endogenous wmetaields: of an orgeunism such as
Es coli would be expocted (o precsed by thoe usuosl
heterotrophic pathways aml an auvtotrophic mechuniss of
fixation would probably be unlikely usnder these conditioas,
The ability to incorporate garbon dioxide during
endogentus respiration woeuld spore the carbon reserves of
thie organiem, but in 2 lwteroirgphic organism there wvould
be no net gain in enerzy from this process. It would appoar
more likely that the funetion of carbon dioxzide fixation
wves to ropienish dicarboxylie acid intersediates which had
been drained rom the tricarboxylic acid cyele for the
synthesls of smino acida and othor essential materials.
A speeisl case may obtain vhere an organism Lorms purely
enoryy reserve muterials such as polymetaphosphate. arbon
dioxide fixatlion then nay be = means of obtaininy carbon
gompoundy, during ewddosenous respiration for synthoses

essential to the survival of the cvell, these syunitheses being
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possible becauss of the reserve of ensrgy.
The work reported in this thesis indieated that

Schromonas mnibhomensis incorporated carbon dioxide primarily

into smino aclds and intermediates of the tricarboxylic

aclid cycle during endogenous respiration.
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The ot rials lﬁut,d noeross were dissolved in
degeipnined vater and the pil of the solution was adjusted
0 95.% The veolume of the eolutilon was adjusied to ) litre
and the resuliant soluiion waae five times the concentration
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Chapter 2

Maintenance and growth of the orzanisw.

The originsl culture ¢f Ochromonas malhavensis woas

obtained from the culture colleection of algae and protogoa
at the Dotany School, Canbridge, Ingland, The orgonism
wis maintained in axenic culture by weekly transfeor in a
wodiuvm deseribed in Table 1. Thi» wedlun wus essentialily
the same us the devised by Pord {1953). The cultures were
grown st room temperature in daylight.

Exporimental culiures were obitained by subeulturing
5 mle of 5 weok old malutemance culture into 300 mil. swounts
of medims in 2 litre condeal flssks, These flasks were
agiteted on a reciprocating shaker which umnde 9% shakes with
2 2.5 ineh stroke overy miuute. In order te obtuin derk
grown cells the shaker mas situasted inside a idght proof
incubstor maintained at 28°. These culiures vere usually
grown for % dave,

Larger cultures up to 8 litras velume wers gyown in
10 iitre glass carboys at 287 ia = light-proof incubutor,
These cultures wvere agitated by o streas of sterile sir
vhich was blown into the medium at the bottom of the carboy

throush a leoged, periorated, poelysthylene tubs. The air
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was sterilised by pumping it through a lavge cotton-packed
filter and then into 2 635 cw. stainless steel tube packed
with 120 mesh carborundum amd maintained at 600° in an
electric furnace. 4 long sterille rubbsr tube connected
the sterile adir supply to the carboy inside tha incubaior.
After passing througsh this long tube the sterile air had
cooled sufficiently so that it did not raise the temperature
of the wediun higher than 28°%, 4 taim layer of sterile,
20 centistoke silicone fluid {Dow Corniwg Corporation,
Hidland, Yich., U.S.4.) was sproad on the surface of the
medium to provent frothing. These large cultures were
also grown for 3 days.

411 cells were hurvested at 4° by coentrifuging at
900;. for 10 minutes. VTeually theso cells were wvashed
twice, by resuspending and centrifuging them ian water,
before they wore {inally suspended in the medius chosen

for the particular experimoent.

bry velght determinations.

A% the outset o curve relating tﬁw dry welght of
cell mutorial per mi. of cell suspension and the extimctien
of the cell suspension at 580 millimicrons was deterumined
by experiment. The values for this curve wors obtained by
making o series of dilutions in water, of en Ochromonas
suspension and then weasuring the extinction of these

dilutions at 580 millimicrons. Subseguently aliquoets of



33.

the series of dilutions werse delivered on to tared
aluminium planchets. The planchets were dxied initinlly

at 90° and then left at100° for 15 heurs, Then the planchets
were reweighed mnd the dry weight was determined by diffor-
€lta. Subsequently 1¢ was ouly necessary to measure the
eoxtinction of the cell suspsusion snd the corresponding éry

woedght was reud from the curve.

Lsnsay of radioackivity.

Chomicnls isotopienlly labelled with carbon-id were
purchased Trom The Redicvchemical Centre, Amershom, Inpland.
thenever possible radicactivity of materials wes FSBRY O
by liguid scintillation techniques. The installstion
ror the assay of radicactivity conaslsted of a type NEGE A
scintillation detector and a i{ype K530 F scaler {Fkeco Zlee-
tronics Lidd.) coupled with n type N10Z pulse anulyser
{(Uysatron fiadio Lid., Maidenhoad, Berks.). The photo-
smultipliier was oporated at 1100 volts and the pulse analyser
waas sat 2t 4 thresiinld of 10 velts with a clumnel width of
30 volts. The secintillation detscior was naintsined at 2°
to reduce eloctrunic "noisev.

To estimete radicactivity iiguld sampler up to o maximaus
volume of 1 ml. vere added to 5 ml. of » water-tolerant
ligquid seintillation system devised by Hray (196G). The

seasurenents wvere corrected tf'or quenchiang due to the sanple

by using an iaternal standard., This standerd was a solution
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of (ﬁtick cholesteroel in toluene, Guantities of the
standavd gsolution, knewn to give approximately ten times
the counting rete of the sauple, were ndded to the source
container after the rodiceetlvity of the samnple had been
assnyed. Then the counting rate of the mixture wes detey
pdned. The sesuple counting rate was muitiplied by the

facdor

~ counting rete of standard
{eounting rate of sample + standard) - (counting rate oOF
susple)

to obtain & value cerrected jfor guenching. Then the guench-
corrected valus was correcied foxr backsround radintion.

The busekpround counting rate was deteruined prior te the
addition of the sauple, wben only the liquid scintillator
was ia the souree gusntainer. Umder the comsiitions

deseribed ihis system assayed the stundard with an efiiciency
of 59 per cent,.

Deenslonally radivaciive samples wers prepared for
assay in the form of bariom {ﬁke) carbonate. Yhensver there
was suflicient material the bariuvm carbonate wns assayed
as an infisitely thick layer; in excess of 30 my. of bariuws
carbonate was comprossed inéo % 1 cmzi.planahat. The
radiounctivity of the barium carbonate on the planchet wous
deternined uaing a type N620 shielded end-window CGelior-

¥uller tube {(¥keo Electronics Ltd.). Counting rates so
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deternined were corrected for detector resolving time and
then for backyround radiation. The corracted ecounting rates
were converted to absolute radicactivities using a factor
deterninod empirically with barium carbonate of known
speeciflic radiocactivity. 2 saturation curve was plotted fyrom
values detormined with the same barium carsonate. The
counting rate of buriuwm carbonste samples which wore loss
than infinitely thick were convertsd to absolute radiosctivie

ties using the saturation curve.

Faper Chromatocraphy.
Chromautogresphy was parformed in all-glass tanks that

wore lined with shests of Whatwan M paper. The lower
edye of the paper linings wvas immersed in theeauilibration
solution at the bottom of the tank. The chrowmotogrsphy
papers vere ecuguilibrated with the atmesphere insids the
tank for at lonst & hours and whersver pozsible overnight
(approximately 15 houras). The effective lensth of paper
for a one-dimensionsl analvais was 17 inches., T a
radiosutosraph was te be mado from o chiremmbocran which had
been develeped in two dlwensions, then the development area
of the chromatopram was liwited 2o 12x15 irches. it
developmont reoguired the solvent to run off the ond of the
paper, the lower edge of the paper was serrated with pinking
shears to facilitate drop formution. Vhen the dovelopment

was complete the papers were suspended in a fume hood and
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elloweod to dry in an air draught at room teuperature,

Paper olecirophoresis.

Paper electrophuresis was performed in an enclosed
apparatus which wes constructed Ffrow Perapax sheot. Yhatmun
3¥M papers wore used exclusively. The loength of vuper betvoen
the anode and cathode wae 46 cuz. The Buapor wis supported
by a veb of nylon thread srrangad so that the midpoiat of
the paper was 5 cu. higher thun the omis, i“mch end of the
paper dipped into a trough of electrolyte which wasg connectod
te a second trough of the suue ¢loctrolyte by a bridge of
Vhatman 334 papex. A potential difference was applied
through platinum wire clectrodes whieh traversed ths
length of the second trough. Using a small brush, the
paper was moistened with elsctrolyte to o point 2 . oach
side ol the origin lise, vhich was midway botween the annde
and ecuthede and at the apex of the puper. The glectrolyte
fronts were ailoved to meet st the origin line by capillazy
action. Thirty mimutes were allowsd for the alectrolvte to
become uniformly distributed throuzh the paper bofore the

voltage was applied,

Letection of radicactivity on chromatoryan and electrophoresis
LADOTS ..

One-~dimensional ehrouatogrows and electrophoresis papers

vera cut dowii the line of develovment into s8rips 1.5 inches
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wide, Radieactive areas were detected en these sirips
by passing them through an sctigreph 2 radiosctive paper-
strip scanner mounted with a type Ch7 windowless gas Tlow
detector {Nuclear Chicago Corporation). A reference mark
was uade on the paper with a drop of a selution containing
‘a non=volatile (iﬁﬁ} compound .

Radioactive areas were detected on itvo-dimonsional
cliromutograns by radicsutography. Nefersnce marks were made
in thren corners of the chromatogrin with radiozetive ink.
Kodirex no-screen X-ray film {Xodak {Australasia) Piy. Lid.,
Helbourne ) woa eoxpoasd to the ghromatogran in load~lined
eXposure heldera."ﬂxpu&ure vardied from twe to four weeks.
Exposed filus were developed with Koduk D19 developer.
After superimposing the developed film on the chromatoesroem
g0 that the reference marks watehed, the rediguctive areas

wexre outlined on the chrometograms with a pencil.
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Chapteyr 3

1‘04;) (AUCOSE BY DUHRONOBAS

ASSTHMILATION OF (°
GROWN IN THE DARK.

Cytochemical methods have beon commonly caployed to
detect the loss of endogenous reserve smterinls from microe
organiams. these teechnicgues are belny supplanted by more
gpeciiic chemical anelyses vhich have been developed in
recent times. Thus it is possible to assuy varicus cell
constituents and detect any variation 4+ the guantity of
these constituents during endogenous respiration of an
organisun. Heeause of the diversity of materizls whieh have
been found to act as reserve munterisls in lero-orgunisns,
it is not always posaible Lo sssay the cell mmterial for
all the possible veserve substances at the one time. This
muy be o disadvanta; e since the iuterpretation of the
results could rest on the demonstration of a relationship
between the wvarious cell constituants.

Another spprosch stems from a technicue which has boen
used extonsivaly to assay endogenous respirstion in the
cregsence of exogonous substrates (revieved by hawes and
Hibbons 1962 bj. vhen this technijsue is cmuploysd the
micro-orgeanise is made radioactive by growth on a uniformly-
labelled {1ﬁc) carbon source. Then the rate at which

these cells liberate (146} carvon dioxide iz a meusure of
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the eadogenous respiration. It should be possible to
datect the endojencus reserve materisl in these radio-
active cells by correlating the svolution of‘(‘hn} carbon
dioxzide with the disappeurance o0f radiosctivity from any
of the cell constituents.

Hethods based on this idea have been used to detect
the endogenous reserve waterials in Qchrowenas. In this
chaptor two mothoeds of obtailnlng radioanctive eclils are
deseribed aince there was some doubt whether cells, which
bad been grown by the first method, would give valid
results. ilovever, it has been found that the stringent
eriteria, uwhilch have to be met when preparing radioactive
ecells Tor asaaying endogonous vespiration during the
raspiration of exogenous substrates, need ioil be sirictly
adhered to for the present purpose, providing all variables
are neasuved.

in addition & procedure for the separation of the cell
material of Ochromonas into the Lroud catejories of
solubly intermediates, liplid, volysuccharide and protein
is deseribed in this chapier. This procedure evolved rom
the following conslderntions. Dthancel und diethyi eothor
extrazction would be eapeeted to separate lipid and soluble
internediatos from the reat of the call material. it was
kunown shat 1ipid could be prepared free of nopn-lipid
mikerisis by partition botweer the phuses of & e¢hlorofors,

methanol and water mixture. (Folehr, Leos and Sloane~Stanley



3&(? -

1957). Therefore the solubles intermodiates in the ethanol-
ether extracts could be separated frowm the lipid. srchibald
et al. {1758) had found that a polysaccharide could be
extracted CLyrom {chromonas with hot watex. If this hot
vater axtraction was performed after the ethanol and ether
oxtractions then the polysaccharide would be relatively
free of soluble intermediates. The waterial remaining
after those extractions would contain any other water-

insoluble polysaccharide, nucleic acid and protien,

dateriais sud ‘ethods.

schromonas was labelled with carbon froa (1acﬁ)
glucosse by two mothods. The procedure for Method ' was as
follovs. A 200 mi. culture of Uchromonas wWas srown in a
lighteproof shaker incubator for 48 Lours, using a modified
fora of the modium described in Tuble 1. The medium was
modified by replacing one pur cent of glucosse with one per
cont of sucrose. When the hé hours had elapsed, 10 micro-
curies and 2 microwocles of (’&cé) Sluconse vere added to the
culture vhich was shaken iu the incubator a further 3 hours.

in Mothod 2 a 300 ml. culture of Hchrowonas was grown
in the dark in the shaker incubator for I days using the
medlwa deacribed in Tﬂbla‘1. This mediys contained 30
mi¢rocuries of {3ha6) glucose and the specific radioactivity

of this glucose was initizlly 10 microcuries Per M
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Cells grown Ly elither method were harvested and washed
tvice by centrifusing with cold water. The cell paste was
froeze~dried and the dry material was weighed.

The dry saterial was separated into fractions by the
following methods. The solid naterial was suspended in 95
per cent othanol in the ratio of 100 myg. of solid per 10 wl.
of solvent. The solid was extracted with the solvent for
10 mimates at 7£}° in a water hath. Undiasolved solid was
recoveroad from the cooleod ethanolic extract by centrifuging.
The solid was ro-extracted with ethanole-diothyl other
{3:1 by volume) For 15 minutes at 30° wsing the sawe ratio
of solvent te solid. Finally the solid was extracted
twice wmores with disthyl cther at room temperature {!2—:‘.{60).
The combined ethanol-ether extracts weres waporated to dryness
at lesa than 30*’ in a rotary evaporater. The brown semi-
80lid reosidue was enmulsified with 3.0 ml. of woter and the
emulsion was shaken thoroughly with 15.0 mi, of & mixtuvre
of chloroform and methanol (2:1 by volume) in a stoppered
centrifuge tube. The two phases of the bizhasic n;ix!::nre
wvere sepurated by centrifuging. The upper phuase was romcved
with a teat pipette snd the iuterface was washed carefully
with 7.0 mi. of a mixture with the same golvent composition
as the original upper phase {Foleh et al, 1957). The upper
phaso and washings were combined and both this and the lower
yhase were evaporated io drynss: under a stream of nitrogen.

These upper and lower phases are hereafter referred to as
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fractions A and B respectively. Fraction A was dissolved
in wvater and fraction B was dissolved in a mixture of
toluene and methanel {(1:1 by volume). Samples of both
solutions were assayed for radioactivity by the liquid
seintillation technique and additional samnples wove dried
on tared aluminium planchets wiiich were weighed.

The dry solid remaining after the sthanel-ethor
sxtractions was oxtracted twice for 15 minutes at £6° with
10 wl. of water and then extracted once with water at room
temperature. Undlssolved material was secovercd by
centritfuging. The combined aguedus extracts were ircuted
with & volumes of 95 per cent ethaunol and the mixture was
alloved to stand for 15 hours at 4°. 4 white precipltate
was recovered froom the mizture by centeilugine. This
preciplitate was washed twice with ethanel, twice with
diethyl ether and allowed to alir dyy, The wmeoether lijuocrs
and washings wers combined and concentrated to spproximately
% ml. iv 2 wotary evaporator. The concentrated solution was
treated with 4 wolumes of ethanol st 4%, A ssmll aucunt
of precipitate was wiashed and dricd as described before and
added teo the original precipitate. The vhite soldid was
ealled fraction C. The wother liguors and wasiings from the
second preecipiltetion were combined. Vraction € wans dissolved
in water and sasples of the solution vere token for dry
weight and radiozctivity ostimations.

The ressidue lef't after the water extractions was washed
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twica with ethanol, twice with diethyl ether and dried.
The dry material called fraction » was weighed. A weighed
sample of this wmaterial wus moistened with a drop of ethanol
10 reduce lnterfacinl tension and then dissolved in formawmide
(1.0 ml. por 2.5 wg. of solid) by heating the suapension at
140% &n an oven for 3 hours. The clear straw-coloured selution
obtained after this treatment was allowved to cool to room
tomperature bafore being*maﬁa up to a known volume with
fornamide. 4 sauple of this sclution was assayed for
radiczctivity by the liguid scintillation techinigue.

The waghings of fruction I} were combined with the
mother licuors amwi washings of frazetion €. This solution
vas assayed for radiocactivity by the liguid scintillation
technique and A sanple was taken for an estimation of the
dry weight,

& Tlow-sheet of the preceding separation is depicted

in FPigure 1,

Results and [iiscussion.

Initially radioactive Uchromonas cells weore obtained
by adding (?hcﬁ} glucose to a culture in the late-logurithmic
phise of prowth and the cells were harvested af'ter a short
period of incubation with the radicactive glucose (Hethod 1).
The culture was grown in a wodium with sucrose replacing

&lucoge aa the ma jor source eif carbon to prevent dilution
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Diatributinn of radicactivity among fractions prepared from QohirQuonas
n ’:&;1‘ I

Dohromonas was culfured in 200 ml. of medium 4n the dark for 48 hours. Then
10 microcuries of {1ﬂ~ﬁ} blucose with o ppecifis ralienctivity of 5 misrcouries
pop niorovole wepe added to tlhio culture. OCrovth was allowed i 5rneeed a further
2 hours in the dark before half of the culture wvas romoveds The colls from this
haif of the culture wore harvested and washed with wvater by centrifusing and
frosen foeediadely in o 2elid corbon diowide-ethnnel freesdns mizbure, wee
hours after the addition of the radicnctive gluosee the ssils frem the other
nalf of the culture vere harvested washed and fygsen. DPoth samples of frozen
pells wvere freeze dried and the well materinl was separated ints fractione
agcording to the procedure puilined inm Figure 1. The ?gazﬁasﬁiv%ty in the
fractions was assayed by the liquid escintiliution %fechrique. Column A shows
the per csnt of the tobol roidonstivity in eoch froofion. Column B shous fhe
radissotivity {in microouries) of each fracticn,
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of the high specific radicactivity of the added glucose.
This also ensured a rapld uptake of radiowctivity.

The distribution of rudicactivity wmong the fractions
prepared from the radiozctive cells is shown in Table 2.
fraction ¢ had acguired the largest proportion of the
radicactivity sssicilated by the cells. The remsinder of
the radioactivity incorporatod by the colls was distributed
evarly amonyg the other fractions. Ths ascunt of radivactiviiy
recovered in the washings and mother liquors from fraction
C and I was found to be variable. It was apparent that
Traction © was incorporating radlcactivity at a groater
rate than eny other f'ractiom; the increase of radioactivity
in fraction € sccounted for 60 per cent of the increment in
total rudionctivity of the cells bLetween 2 and 3 bours of
ineubation.

Mothods, slmilax to Mathed 1, have boen used by various
iwvestigators to obtain radiosctive cells for ihe assessment
of' endogenocus respiration duriug the respirvution of
exogenous substrates. These aethods bave been criticised
{Blumenthal et. al. 1957 on the grounds that some reserve
waterials wight not becowe radicactive or might become
only slightly radionctive vhen these uethods were employed.
This critleisa appeared tu be equally applicable to the
probies of determwining the nature of the endogenous reserve
materials uasing radicactive cells. Conseguently radioactive

Gehyouonas cells were obtained by un alternate wethod where



sontaining %0 mlevocuries of {3"%1;‘353 glucose with a epecific radicmotivity of
10 sdlidmdisroeuries per mge The ¢ells wore harvested Tros the cuilture and
washed with water by ecentrifusing, The cell matericl was separated into
fraotions agcording to the »rocedure outlimed imn Figure 1. The radilonstivity
in the fractions was éa:-.u:,vad by the liquid eseintilintion stechnique, ISpecific

&

radisentivities are exprevced as nmillicdereccurics per mg. of maberlal,
Experimonts 1 and 2 are dupiicoatés.
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the culiurs was grown from a swmall inoculum in a medium
containing {1406) g¢lucose (Method 2). Table 3 shows the
spocific radiocactivities of the fractions and the distri-
bution of radioactivity among the tractions preparad from
cells groun by Yethod 2,

Again the lurgest proportion of the total radioactivity
asgimnlilated by the cell was present in fraction C. Pros a
comparison of the disftributien of radivactivity awmong the
constituents of the celis produced by both amothode, it was
apparent thet fractions B and ¥ had acguired proportionately
mare of the total radiocactivity assimilated by the cells
lnbelled oy lethod 2 thﬁn the corresponding froctions
obtained from cells grown by wethod t. In the experiment
with cells growa by Method | the praportiou of the total
radgioscetivity in fractions B aund D was decreasing with tiwve
of incwbation. It scemed that the material in fraction € of
cells prodnced by Method 1 was still bedng actively
syntliesised, while the synthesils of the substances in the
other fractions was either near coupletiou or vary suelh siousr
than synthesis of the material in fraction 0. Therefore it
seemed that Method 1 could produce e¢ells in whkich the
reserve naterisls would. not bave the same specific radio-
activity.

In the experiment with cells grown by Methed 2, approxi-
mately 10 pur cent of the total radioactivity originalily

added to the medium was recovered in the cell waterinl. A
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Turther 53 per cent remained in the wedium after the cells
were harvested and it was presumed that the missing 37 per
cent had been metabolised to volatile products.

An examimntion of the specific radioactivities (units
of radioactivity por unif weisht, of ths fractions prepared
from cells grown by Method 2, showed that there was little
difforence between the fractions, with the oxception of
fraction B, #rection ¥ had a higher specifie radioactivity
than the other fractions and the glucose erdginally in the
growih wediume. This situation could occur only if the
material in fraction B contained s bigher proportion of
carbon per unit welght than glucose, e.g. if fraction &
consisted of lipid. The small difierences i spucific
radivactivity that were obsorved between the muterials
in the other fractions alse could reflect differences in
the propertion of carbon per unit welght. 2lthough these
fractions bad approximately the same specific rediscactivities
tha glucaéa carbon assinilated by the cells pust have boen
Ggilutad by carbon incovporated from other non-radicastive
subastrates in the medium, since the specific radicactivitiss
wore lese than that of the glucvse in the mediwm at the start
of growth.

The welght of materials recovered in the separated
Tfractions accounted for mere thau 98 per cent of the weight

of the starting materiul {Table 3}.
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It was not possible to ygrow (chromonas in a mediwusg
containing a single uniformly-radioactive carbon S0UXCe,
but the cells were growa in a medium where the major
carbon source was uniformliy-labelled glucose. Therefore it
was necesssry to determine the specific radiovactivities
of the constitnents of cells grown under the latter condi-
tions in ordexr to eatublish whether these cells vere
wniforuly radiosctive or sufficlently near to this conditien
50 that they wight be used to detect the endogenous reserve
materials. Speecific radivactivitics of the separated
fractions exprossed in terams of radicactivity per unlt
welght were adequate for the purpose of sbserving the
utilisation of radioactive materials ia the fractions.
However the materisals in thess fraections were likely to
have different propeortions of carboa per unit wodght. In
order %o compare these fractions it was necessary to detor-
wmine the specific radioactivity por atos of carbon and this
required some knowledge of the aasture of the materisls in

the fractions.
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Chapter 4

ANALYSTS OF RADIOACTIVE MATERIALS IF PRACTIONS PREPARND
*ROM _OCHROMONAS GrOW: vwitH (Weg) eLucoss.

Chapter 3 described how cells, which had been labelled
by oxddative assimilation of (‘hﬂﬁ) #lucose and altornatively
by growth ou (1kcﬁ) glucese, were separated chemically into
four fractions. This chapter is concerned with an examination
of the naturs oif the redionctive meterials in the four

fractions.

Haterials and ethods.
In oxder to obtain larger amocunts of cell material

for anmlysis, u 2.3 litre culture of YUchromonus wus

"labslled® by groving it in a mediwm coutsining 30 niciro-

(‘hﬂé) glueose {Methed 2}). The cell material

eurics of
g separated into fractious exactly as deseribed in the
previcus chapter and these fraclions were eoxmmined as
follows.

Fraction i. This fraction contained ethanol-solubliz, non-
Iipid cell constituents. The naterial in this fraction vas
soparated icto three auh—fraétioﬂs by treatuwent with ione

axchange rosins.

Fraction A was dissolved in 1.0 ml. of watexr and the
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svlution was added to a column (50 x 5 ma.) of the strong
cation-exchange resin Dowex 50 in the ucid form (& per
cent cross~linked, 100~200 mesh). The scviution was allowed
to run in level with the top of the resin ani then the
coluun was washed with 12 wl. of water to romove compounds
that wers not oxchanged on to the resin. The water
aluate was added ¢o znother 5% x 5 mm. colwan containing
the wnion-exchunge resin Dowex 1 in the acetate form {4 per
cent cross~linked 50-100 smesh). Compounds that wers not
exchanpged by this resin were washed frosm the coluwan with
15 nl, of water, This water cluate, hereuafter callied the
neutral fraction, wus distilled to dryness in a rotary
evaporator ot less than 350..

The Cowex 50 coluun was eluted with 20 wil. of
‘;:sfa-ammrxiug hydroxide solution to displace the components of
fraction 4 whiech had been exchanged by the rosin. The
apmonium hidraxide eluate was concentrated to dyyness in a
rotary evaporator. The dry residue was called the Lasie
fraction. The Dowex 1 colusn was eluted with 20 ml. of
Gheformic acid. The formic meid eluate was concentrated
to dryness and henceforth the dry waterial was called the
acidie fraction.

The three sub-fractious werc dissolved and made up to
a known volume with water. Samples of these solutions wers
agsayed forx -radinact:lvity by the liquid scintillation

technigue.
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Samples of the neutral fractior were analysed by
chiromatography on Vhatumen nuuber 1 paper with the solvent
ethyl acetate-pyridine-water (12:5:4 by volume) (Smith
1960} . Reducing sugars wore detected on the dry chromato-
grams by spraying thom with a freshly prepared .18 solution
of oxanilic scid in water and then heating the papers at
110° for 10 mimmtes. The spraved chona tograns vere
examined under an uwltraviclet iamp givias ligsht esasentially
at 233 millimicrons (lorrucks and Nanning 1949, Charalaupous
amd Mueller 1953)}. Non-reducing carbohydrates were detected
by dipping the chrasmetogram in a solution of 0.3 per ceaat
{w/v) leand tetraacetate in chloroform and allowing it to
adr dry before dipping in a solution of 0.03 per cent {w/v)
rosaniline buse in 10 per cent {(v/v) acetlc acid in cceetone
{Sewpson, Zebild and ¥Wicker 1961). Using the sctiepaph 2
raﬁioactive paper-strip scanner, radiesctive areas were
located on an unsprayed strip taken frow the same chromatow
gram. The radioncilve areas were eluted Irom the
chroumatogram using the techuiques desoribed in Chapter &.

A radioactive compound with an Rg of 0.73 (kg is the
ratio of the distance the coupounst has moved to the
distunce glucose hus wmoved), whichk was detected on the
chronatogsran of the neutral froction, was Iydrolysed with
“H-gulphuric acid by hoating the solution in a sealesd tube
at 100° for & hours. The cooled hydrolysate was neutrulised

with barium earbonate. The precipitate of barium sulphate
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and excess barium carbonute was removed by centrifuging.

4 sample of the supernatant solution was analysed by
electrophoresis on Yhatman 3MM paper with an elecirolyte
consisting of 0.2v sodium arsonite, pH 9.6 (Frahn and Mills
1956}). 4 poteuntial difference of 40U volts was appliied for
16 hours. Reducling sugars weres detected by drying the paper
at 600; 4 colousad product was formed as the result of o
reaxction betweon arsenite and the reducing sugars. Other
carbohydrates wers detected by using the load tetrancetate-
rosaniline reagent (Sampson et ai. 1961). Caffeine was used
as a non-migrating werker during electrophoresis with
arsenite so that the distances migrated by the sugars could
be corrected for electro-osmosis. Iﬁﬁdioactiva components
wore detectod on unheated strips of the electrophoresis
puper using the Actigreph 2 radioactive paper~sirip scanner.
The radiozctive supar-arsenite couwplexes wers 8pitt and
eluted from the paper with G.015%-hydrochliorie acic {Thorn
and Busch 1960). Tons were removed from the eluate by
allowlug it te pass through = coluun of the anion-exchange
resin jmberlite CGHO0 im the formate form (100-200 wesh)
and a colusn of the cation-exchange resin Dowex 50 4n the
ascid form, respectively. The sfifluent from the columnsg was
concentrated to & ssall volume in o rotary avaporator and
analysed by chromatography on paper with the solvent ethyl

acetate-pyridine-water (12:35:4 by velume).
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The basic and acidic fractions were analysed by
two-dimensional chromatography with the solvent systems
phenol-water and butan-l-ol-acetic acid-water. Hadicauto-
graphs were nade from three chromatograms of each Ffraction.
Then a separate chromatogram of each fraction was sprayed
with elther ninhydrin or bromeresol green or acid

molybdate {see Chapter 8 for the details uf these proesdures).

Fragtion JW. This fresction contained the cell lipids virtu-

ally free of other coll constituents (Felch et al. 1857} .
The muterial lei't ufter the removal of the chloroforse
wethunol solvent wae contawinated with a small quantity of
water. This water wes removed by Qiﬁaalvina the solid ian a
mixture of 99.5 per cent ethdinol and anhydyrous other (1:1 by
voluwsme}s The ether and water-ethwmncel azeotropie misture
vere distilled off at rovs tomperaturs uwier reduced Pressurao.
This 1lipid waterial was separuted inteo & classss of
iipid Ly colunn chrommbography on sllicic acid using the
technigues devised by uirsch and sbreus {1958). 4 300 wg.
san:le of the anhydrous lipld was extracted several tines
with petrolews ether {boiling range 60-80°). The extract
was concontrated to approximetely 15 wml. in a rotary eva-
porator. The peitroleun sther-insoiuble residue wus dissolved
in the smallest possible volume of mwethanol, The methanolie

solution was transferrved in trops to thyea Whatman 3 filter
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paper discs which were cut s0 that their diuneter was the
same as the internal diameter of the silicic acid column.
Huch drop of solution was allowed to dry on the paper bofore
the addition of the next d:rop. amd in this wannesr all of the
methanol solution was transferred to the discs.

The silicic acld column was essentially the same as
that deseribed bLy Hirsch and alwens (1958). The silicic acid
{325 mesh) wos a comsercial proeduct specially prepared for
1ipid chroematography (fio-iad Lsborateries, Ricimond,
Calife, U,S.4.; and it was used without further treatwent.
The silicic acid column was given & series of dehydrating
washes as desoribed by iirsch amd shrens and then the paper
discs impregnated with the petreloum ether-inscluble lipid
were placed on top of the silicic ucdd. Next, the 15 mi.
of petroious ether-soluble lipid was udded te the column
ond the coluru: was eluted witi: the selvents petroloun
ether (60-80° boiling range), diethyl ether and methanol
in a stepped gradient us deseribed by Hirsech and ilirens
(1958).

The separated Iractions werc concentrated to dryness
in a rotary ovaporater. The dry fructions were dissolved
in tolusne, with the exception of fraction 8 which was
dissolved in nethanol, and samples of these solutions were
used W dotermine the radicactivity by the Iiguid scintilia-

tion technique and the dry weight of the fractions.
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The lipid fractions were analysed by ascending
chromatography on silticic seidd impregnated papars using
the tochniques daeseribed by Marinetti (1962) and the
solvents n-heptane~2,6 dimethyl-l-heptanone (96:6 by
voluus) and 2,6 dimethyl-4~heptanone-acetic acid-water
(40:20¢3 by volumej {%arinetti, urbland and Kechen 1957).
Rhodamine 6G was used as a genwral iipid stain, aming-
phosphatides were detectod with ninbydrin and plaomslogens
wore deteeted with 2,4 dinitre phenyl-hydragzine {Harinetti
1962). The chromatograms were treatod with phosphomolybiic
acld and staanous chloride to detect cheline (lLevine aod
Chargalf 1951) and phosphate was detected by the technigue
of janduvski snd Axelred (1951).

Fraetion C. This fraction was knewn to contain a wvatore
solubie polysaccharide (Archibald et al. 1958} . Since this
polysaccharide was sbtained by water extractioca of the cell
rpaterial it was likely to be accowmponiod by other waiex-
solubie polysaccharides or intermedintes which were not
svluble in ethanol! and ether. The pelyesccharide was
separated from wost of those contaminants by selective
praeipifatiun of the polysaccharide with & long-chain
paraffin quaternary nitrogen compound in the presence of
vorate (Rarker, Stacey and Zweifel 1957).

4 series of buffers were made to cover the range pii.d
to pi 11.0 by adjusting oxne volume of 0.0% ¥ sodiun tetra~

bor2te solution to the desired pil value, either with G.4 N
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sodium hydroxide solution or with 0.h% hydrochloric acid.
Then the sciutions werc mixed with O.1 mle. of a 1 por cent
{w/v) solution of fruetion ¢ in water. The mixturs was
equilibrated at 30° in a water bath bofore it was treated
with 0.7 ml. of & 0.15 ¥ solution of hexadescyl
trimothylosmonium bromide which had been preheated to 30°
{simce the critical solution tempsrature of the latter in
vater was 26° - Adam and Pankhurst 1946) . After 15 minutos
the solution was cooled to below 26° then briefly centrifupsd
to pask the precipitate of complex and excess hoxadecyl
trimethylammonium broodde. Aliquots of the supsrnatant
liquid wore assayed for radicactivity by the Iliquid
scintillation techmiqgue.

Uaing the optimum comditions for the precipitation of
the radicactive polysacchardde detsxmined from the previous
ezperiment, 350 mg. of fraction C wes selectively precipitated
botwoen pH values of 8.5 and 9.8 by the saue technique in
order to obfain sufficient material for furiher annlysis.

‘The precipitated complex was washed with water by ceontri-
fuging before it was dissolved in a small volume of

-acotic uscid. Cations were removed from the acetide mcid
solution by allowing it to flow slowly through a 1.5 x 20 om.
columm of the cation-exchange resin Zeokarb 225 in the acid
form (50 mesh). The column offiuent was distilled te drynces
under reduced pressure at less tham 40°, Poric acid was
romoeved from the dry residue by dissolving the residue in
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150 wl. of mothanol and then distilling off the methanol
and volatile methyl borute under reduced pressure (411,
“hym and Cheniae 1953). The methanol distillation was
repesated three more times. The residue was dissolved in

a little water and then treated with four vaelumes of
ethanol at 4% for 1% hours. The white precipitate was
collected and washod by c&ntrj.fugis_xg; once with ethanol,
twice with diethyl ether and air dried. when the ether had
evaporated the solid was dried in a vacuum deslcoator ovor
anhydrous caleivm sulphate.

The dry material, as a ¥ujol wuil, vas oxanined with
a Grubb-Pargons type Sh infrared spectrophotometer over
the region 10.5 te 14 alerons,

The dry polysaccharide was dissolved in 2R-sulphuric
acld din the proportions of 1 “ge p2r wil. aad the poly-
saccharide was hydrolysed by heating this solution in a
sealed tube at 100° for & hours. The hidrolysate was
neutralised with bariwe carboante and the bariws sulphate
and excess bariwms curbonate were removed by contrifuging.
The supernutant ldiquid was analysed by chromatography on
Vhatunn nusber 1 paper using the solvent ethyl scetate-
pyridine-water {(12:5:4 by velume) (Smith 1960).

& partial hydrolysate of the polysaccharide wos
obtained by heating 10 Bge with 1 ml. of (.5 ¥ hydrochlorie
acid in a sealed iube at 100° for 20 minutes. The hydrolysate

was dried in a vacuum desliccator over sodium hydroxide.
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The dry residus was dissolved in water and analysed by
chromatograplyy on Yhatman number 1 paper with the sclvent
mixtures proyanni-al-water-ethyi acetate (7:2:1 by volume)
(2ibon and Gross 1952) and ethyl acetate-pyridine-water

wiiich was described grevicusly,

Fraction I, This fraction contained the cell protein,
nucleiec acids and water insoluble polysaccharides which
would net have been satracted by the ethanol-ether anc
water trestments. The amount of protein and the proportion
of the total radicactivity iu the protein were assayed so
Thist any radioactivity in other waterials ecould be obtained
by difference.

The dry muterial was ground to a fine powder with a
pestle and wortaxr. & saaple of the powder was dissolved
by aliowing it te astand 10 hours in a solution of 0.1 per
cent {v/v) thioglycolic acid in 2x~sodius hydroxide. The
protein vas precipitated from this selution by acidifying
it with 10 per eont {(w/v) trichloracetic acid sclution.

The preeiplitate was extracted with hot trichlorscctic zeid
and washed with acetone, eothanol and diethyl cthier esson-
tially as deseribed by Simkin and ¥York (19%57). fThe protein
cuntont ol the dry material obteinad by this procedure was
estinated by a modification of the method of Westley and lLawbeth

{1960).



fed. bz Jop sasbance.
ggﬁggngﬂgg was cullured in 2.9 1itres of medium for
72 hours in the Jori, The meJiom ecntained 58 nicrocuries
of (léﬁﬁ} glugone vit' o specific rpnligactlviiy of 2
milliﬂiﬂgcﬁaﬁﬁﬂ pRF Ofe The cells vere harvestod froenm
the cultore and washed with weter by cenirifupine, The
pell molerinl wes separated into ‘?ﬁ@%iwﬂﬁ agcording o thr
procevuye cuflined in Fisure 1., TProotion A was serarated
inte D subfroetions Ly passing it throou-h a coluen of n
cation exchange resin z2n. then throush a celumn of an andos
vrchanme reain. The solutinn rasalry, throosh both colurms
vas called the neutral fraction, The cation exchonge resin
vag eluted vith ammonin and the eluate vas called the bhasic
froction, The zmisn ezehonge rosin wns eluted with fornd
acid and the eluate was colled the aclidie fruotisn. The
radicactivity of the fr ctions vas assayed by the 1iquid
scintillation technicus.

Radigeativity

(millirierocuries)
Basic fraction 1m
Acliie fraction 53
Heatyral fragtion Gt
Total in frocticne 497
Total in startlng
oatarinl . 509

E% ]

Recovery {7) R
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Betweon 0.1 and 2.0 wg. of the dry protein was
dissolved by shaking it mechanically with 2.0 mle. of thae
alkaline copper tartrate reagent, A 1.9 ml. aliguot of
this solution was diluted with 1.0 mli. of water, thewn the
solution was shaken with 200 sg. of the dry Dowex 1 resin
for 5 minutes. The mixiure was centrifuped briefly and
the supernatant liquid was removed from the resin with a
teat pipotte. A 1.9 mle aliquot of this superustant
liguid was treated with 3.0 mi, of éhn colour reageut and
the extinction of the solution was determined at o wvave-
longth of 446 millimicrons, Three times crystailised bovine
serus albumin (Sigma Chomiexl Ce., St. Louis, Nisseo., UsBodio)
Was nsod as a pretein standard in this asssy. Souples of the
treated material were dissolved in foruwammide {see Chupter 3,
dethods] and assayed for radicactivity by the iiquid
seintiliation technique,

Similar determinaiions of radioauctivity and protein

content were made with the untreated Iraction I material.

Results and Discugsaion.

raction A. The distribution of radiosctivity amomg the

subirsctions obtained by an ion-uichange separation oif' ths
coupoenents of Fraction & is shown in Tuble 4. The busiec and
aeidie Tractions were further analysed Ly two-dinensionnl

chroaantopraphy aad rediosmtography. 7Tt was apparent that
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all the radionctive components of the basic fraction were
either amino acids or peptides since they all produced the
violet colour which was characteristic for alpha-amino
acids vhen they were ireated with ainhydrin. The radioactivs
Gomponents of the medd fyraction failed to give the reaction
with ninhydrin which was characteristic of amino aclds;
three couponents contained phvsphate and most of the other
radioscetive cowponents stainsd acid to the indicator.

0f the total radioactivity in Fraction i, 69 per cent
wag not exchaaged by either a cetion- or an anion-exchunge
rasin,. This neutral fraction was analysed by paperx
chrouztography and seven components were revesled vhen the
chrammtaﬁiamﬂ were treated with resgents to detect reducing
supgars and non-reducing csrbohydrates. of these saven
components only two were radioactive and these had Hg values
of 1.00 and G.73 with the ethyl acoetate-pyridine-watar
solvent. Fron a measurement of the aress under the curves
traced by the sctigreph 2 radiocactive paper-strip scanner,
it wes estimuted that thess two radionctive couponents had
total radioactivities in the ratio of 1:49 reapectively.
The faster, less radicactive of the two aamppnents was
probably glucouse since it gave the charscteristic yellow
fluorescence of & reducing hoxose when the paper was treated
with the oxamnilic acid reazent and viewed under ultraviolet

light »
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The slower (g G.73) more radicactive cowmponent
failed to give o positive test for a reduciag hexose or
& reducling pentose with the vxanniliec acid reagent. lowever
it was detected by the less sensitive lead tetrascetate-
rosaniline rsagent. Ouly one radicactive component could
be detected whon a neutralised acid hydrelysate of the
Rg 073 compound was exunined by paper eleoctrophoresis
with an arsenite clectrolyte. 7This component had an Mg
value {rate of mipration relative to that of ribose) of
Ge31s A number of authentic sugars migrated in & band with
an M of G371 using an arsenite electrolyte. Thessz were
galactose, munnese, rhuamnose, eravinocse and glyecerol., The
arsenite complex of the radiounctive componsnt wus spiit and
sluted from the electrophoresis peper. The eluted weterial
was auslysed by paper chromatography with the sclvent ethyl
acotate-pyriding~water. Two separate radiosctive components
with HBg values of 0.86 and 1.79 were detected on the
chiromatograr. The Ry velues of authentic gnlactose, glycerol
and rhamnose wers found fo be 0.87, 1.79 and 1.50 ragectively.
Since the rediorctive Hg 1.79 component 4id not produce
the Tluorescence characteristic of reducing sugars vhoen the
chromatogran was treated with the oxenilic acid reagent and
yet it produced a prominent violet coleur with the lesse
sensitive lead tetrascetate-rosaniline reagent, it was

concluded that this component was glycerel and net rhamnopse.
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Frou measurements of the oreas undar the curves traeced
by the Actigraph 2 radioamctive paper~strip scanuer, it
was estimated that the galasctose and glycerol moieties
Possessed total amounts of radilonmctivity in the ratio af.
2:1.

As the materials iu the fr&ctiohs. preparad from cells
which had been grown by #ethod 2, had gimilar specific
radiosctivities (see Table 3), then 1t rdzht be assumed
that the galactuse and glycerol portions of the g 0.73
component also would have similar specific radioamctivities.
Therefore it woeuld fullow that the molar ratio of gulactose
to glycerel would be approximstely 1:1. Thus 98 per cent
of the radioactivity in ths neutral freaction was present
in & compound tentatively shown to consist of salactose
aud glycerol,

Celin and tmegen (1930) Pirst noted the existeuce of a

#lycerol galeetoside in Rhodymenis palmata. The marine reod

alga irideae laninaroides was found to coutain 1 to 4 per

cent by weight of an slcohol-soluble glycerol galsctoside
{Bean, Putman, Trucce and Hassid 1953). This coupound was
Bn aarlf ra&ioacﬁiva product of photoagynthesis fron (‘k&}
carbon dioxide by the red alga. Putwan aud Hassid {(193%4)
subsequently identifled the radicuactive comuouki x’s
alpha~-D-gaisctopyranesyl-2-glycerol. Acylated derivatives

uf beta~li-galactopyranosyl-l-glycersl have been found in



Fraction B was prepared from Qchromouss cells which vere grown oe Jdeacribed in
Table 4. Uaing the techniques deseribed by Hirach and Ahrens {1997} 300 mg. of
Fraotion D material (681 nill.sderoaurles) wae cnslysed by chromatograrhy on a
pilicio acid celurm,

Fraootion Uompsoition of eluant Volume of eluont (ml,)
1. 1% {v/v) dlethyl other in petroleum ethor. 50
2« 1% ether in pot. cther, 75
o 1# other in pet. otlaer 22%

then 4% ather in pot. ether, 60
B4 4% ether in pei. cother 240
then 8% ether in pat. sther. ' 200
He 8% ether in pet. other 450
then 258 ether in pet. other, 5
6o 25% ether in pet othar. 200
Ta Ether 300

Se Yethanol ' pos
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Chilorella (Benson, wWiser, Ferrari and Miller 1958) and in
wheat flour (Carter, NeCluer and Slifer 1956). e
suggestions have been made concerning the biological
functions of these compounds.

In conclusion Praction 4 appesred to consist mainiy
of internediates of metabolisu and a compound containing

glycerol and galactose.

¥Yraction ii. The lipld mixture extracted [from the coll
material of Uchromounas whieh had been grown by Hethod 2
Was geparated into 8 classes by coluan chropatography on
silicle acid according to the procsdures described oy
ildrsed and shrens {(1958). 7The radlonctivity and woight of
the nuterials in thesn eight clusses are shown iu Table 5.
Froctions 3,4,7 and 8§ coutained 96 per cent by woaigzht
oi’ the 1ipid recovered from the column and also accounted
for QS per cent of the total radicactivity recovered. Ta
their procedure for the seoparation of a lipid wmixture into

eight major classes, Nirsch and shrens {1958) found that

fraction J contained cholesteryl aster, fraction % contained

triglycoeride and fyree fatty acids, Craction 7 contained

monoglyeoride and fraction 8 contained phospholipids.
Fractions 3, # and 7 obtuined from the Ochrousonas

lipid wore examined by chromatograpliy on silicic acid

iapregnated paper with the sovivent mixture heptana~2,6

dimethyl-d-heptanone., It was evident that some decoupoesition
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of the 1lipids in these fractions smust bave occurred if

the seperation achieved on the gilicic acid coluam here
was the same as that obtained by iirsel amxd Ahrens {1958},
The clhiromato ram of fraction 3 hed one najor component with
an BT of 0.81 and two slower components that were stained
only weakly by rhodamine ¢G. Oniy the if 0,81 component
could Le detected by radicautography. The pupey
chiromatographiic behaviour of this radiosctive moterial was
consiatent with that of a stexrel esater.

Unfortunately the apecifie radioactivities of sll the
1ipid fructions vere low, 50 that it was difficult to
chromatogroph sufificient materizl to preduce a satisfactory
radicsutegraph without cavsing the spots to streai.

ITa addition to components thut bad 2f velues simiiary
o those of triglyceride snd fatty scids, fraction A
contained matarisl having & RE value consistent with that
of diglycexide naterdanl, This diglyceride could Lhnve been
# product of the deacylation of the triglyceride. Thae
radioautograph aande from the chromatosram of fraction 7
showad thai there were two radicuctive components os well
8 rudicactive wonoglyceride. One of these radicactive
companents pussibly was unesterified fatty acid @  the other
component had an RI identical with that of authentie
cholestorol. The faity acids were probably the prodiucts of

deneyloation of the monoglyceride. The preseuce of stersl
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iu Fraction 7 was not sredicied. However, tehrononas
was imown to contain ergostorsl and other unidentified
stexrols {Aerconson and Baker 1961) whose disposition in
this elution scheme were uuknown,

The radionctive muaterial ia Fraction 8 did not move
from the origin of n chromatogram which was developed with
the solvent heptane-2,6 dimethyl-i-heptanons. This
belmvliour was consistent with the propertivas of phospholipids,
Seven couponenis were separated from Yruction 8 on sllicle
acid impregnated puper whieh L been sieveloped with the
solvent 2,06 dimethyl-Y~beptanone-acetic acid-wotor. Only
two of these seven components posszossed sufficient radd fe
activity that could be detected ou & rauisiutograph after
b weeks oxposure. Tese two radivactive couponants had
B valuos of 0.5% and .45 and they wore the only couponents
lo give a pusitive spot test for phospliscte. Thess two C G-
ponents failed to react with uiahydrin sud they produced a
non-characterisiie green colour when they were tested for
choline. Three of the Tive non-radicactive components gave
weaul positive tosta for amine groups, while a fouren
couponent with a If of .36 was the ouly component on tho
ehromatogran to produce the gharsncteristic biuve evlour when
it was teasted for choline.

Haek, Yaeger and MeCaffery (1902) reported that they

were unable to deteet phosphate, choline or amino-containing
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compowkis a onug Uckrowonns “phosphatides®. Althoush it

vae posslibie fo detoect these functions in the prasent
instance, e compounda bearing these funections did not
belinve Jlike anthentlie choline—or anminuv-phosphatides during
#ilicic acid-paper chromatography as described by Marinetti
(1962},

sehromonas lipld appeared to coasist of approximately

equal amounits of sterol ester, triglycerlide, monogiyceride

sid phosphelipid.

Fracltion C. It had been found that it was possible to
precipitate neutyral polysaccharides with a long-chain
guaternary nitregen coupound il the pulysaccharide was
convertud into a polyenivn by foraing a complex with borate
{Barkeyr, Stacey wul Zweifel 1957). If the pil of the
reaction was tontrolled it was possible in soue canses o
effect a seluctive precipiltation of & single polysuccharide
frow a mixture of golysaceh&r&des.-

Vhen a solution of Fraction £ in borate wuas troeanted
with hexadecyl trimethylommoniuma bromide over a range of
5 velues 1t was Ffowni that a2 precipitate did net form Lelow
pli 8,8, At pH wvalues highor than 8.5 a heavy coacervatiocn
formed asnd at a pil of 10.2 wore thaun 75 per cent of the total
radleactivity present in the solution of Fraction ¢ had been
brouzkt out of solution in the precipitate. Dy wolght,

6& per cent of the origiuval Fraction ¢ material was recoversd



selective

s the hexadecyl

X

One volume of a 1¥ (w/v) solution of Fraction C
was added to one wvolunme of a series of 0.05 M. tetraborate
buifers speoning the ranss pH 2.0 to pH 11.0C. The

maintained ot 300, and wers treazted with
ane velume of 0.15 ¥. hexadecyl trimethylammonium bromide.
The mixtures uere cooled to 20° and the previvitated
cowplex and hexadecyl itrimethylarwonium browmide were
revovad by cenbrifuring. The radiometivity remalning

in the suvernstant liguid wag assayed by the liguid

sointillation tachnicus.
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from the precipituted couplex aiter borute emd the long-
chiain guaternary unitrogen coapound had been removed. “he
patuwre of dhe siher 12 per cent i wanterial which wus not
precipitated was noet investigated. (Figure 2.)

The material recovered Ivem the precipitated complex
was bydrolysed and the hydsolysate was examined by paper
chromategraphy. The chromatogyram was sprayed with the
exanidic ool reagent lo detect reduecing sugars and four
components with g values of 1.06, 0,30, 3.39 and 0,32
were revealed. Vhen the sprayed chromatesram woe examined
under an unitravielet light {e¢ssontially 253 millimicrons)
the Ue30 componsnt was found to be absorting redistien in
this vegien, while the sther threw compoanents all nossessed
the yellow {luvvescence which was characteristic of voducing
hexoses. The 0.39% and G52 cosmponents were only very weakly
fluvorescent wiaile the Ny 1.00 componeat was prominent.

The aompenzints with Ry values ef 1.00 and 0,50 were the
only componants of fhe four, previsusly detected with
gxenilic scid, thalt wers detected with the lead tetrascetate-
roganiline reagent. 4460, these two components were the
ouly radicasctive wmeterials ou the caromstogram. It was
estimateod, frowm the areas wader the curves traced by the
Actligruph 2 vadioactive paper-strip scanmer, that the ratic
¢ vadioscebivily in the Rg 1.00 and .50 components was
spproximately J%:1. The evidence osbtained indicnted ihat

the Rg 1,00 saterial was plucose and it wvas alsoe apparent
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that this glucose was the major component in the acid
hydrolysate of the partially purified Fraction ¢ material.
¥hen the material recovered from the precipitated
complex was partially hydrolysed with seid and the hydro-
lysate was examined by paper chromutography using itwo solvent
systems, alaeries of radioactive components were separsted
on the chroustograms. The cowponent with the greatest
moipility in both solvent systems had an Rg valus of 1.40.
#ith the exception of a component with a Lg of Feit6, all
the radiocactive couponents produced a brown colour vhon
the chrowatogram was sprayed with oxanilic wcid and heated.
Under an ultraviolet light all the brown-coloured spots
possessed the yellow fluorescence characteristic of radueing
hexoses. The oxceptional Rg 0.%6 component absorbed rather
than fluoresced vhon the oxanilic acid-sprayed chromatogram
was examined by the light of an ultraviolet ismp. Further-
more, this component produced a grey-blue colour with the lead
tetraacetate rosaniline reagent, while all the other
conpononts were characterised by a mauve colour. The fig 0.46
component possibly was the same as the Rg 0.50 material
detected in the complete acid hydrolysate.
A plot of log {3%%£§

polymerisation for each couponent separated irowm the partial

againet a predicted degree of

hydrelysate by paper chromatograpiy is showa in Pigure 3. 4
straight line relationship was obtained if the component with

a Rg of 0,46 was exclwled from the calculation. This relation
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vas found tv hold when the partial hydrolysate was examined
by chromatoegraphy using iwo saparate solvent systems,
Fremch and ¥Wild {1953) have demonstruted that there was a
linear relationship between the partition coefficient and
the degree of polymerisation of a homologous series of
oligosaccharides obtained from a number of different linear
homopolymers. tmission of the coumponent with an Rg of .46
appearcd to be Justified since its properties with the two
detecting reazents were not consistent with the properties
of the other cowmponents on the chivomatogram. If the Rg 0,46
couponent was included in the plot it did not fit the line
of the newv series introduced when it was included in the
calculations., Therefore it seemed that this component was
not a member of the homologous series ropresented by the
othsr components on the chiromatogramn.

An infrared spectrum of the material recovered from
the precipltated complex prepared Irom ¥Fraction ¢, showed
a broad, weak type 1 peak at 328 am?ﬁ and & sharp, moderate
type 2L peak at B87 cma"1. o algnitleant absorption wvas
evident in the type 2a region. . broad, strong peak at
720 sm.", the significance of which was unknown, obscured
& type 3 absorption, which appeared as a slight inflexion
at approximately 765 cm.“1, {(Figure 5,)

it has been shown that absoerption in the region 960
to 730 @ﬂ."i of the infrared spectra of slucopyranose

derivatives was correlated with certain stereociioniecal
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features of the molocule (Barker, Bourne and Vhiffen 1956),
All derivatives of glucopyranose which had an alpha-
#lycosidie bond were charscterised by absorption st or ciose
to 84b om,”? (type 2a). ‘This absorption was not shown by
compounds that wvere devoid of alpha-glycesidic bonds.
Absorptlion in this region was attributed to deformation of
the equatorial C,-K bond (Rarker, iourne, Stephens and
vhiffen 1554},

Inspection of the infrared spectra of derivatives of
beta-givcopyrancse showed that all these coupounds produced
an absorption band at or close to 8% om. {type 2bj.
However absorption in this region was not exclusively due to
the presence of beta-glyecosidic iinks. Therefore, by itselfl,
absorption at 501 cm."‘ was nunt sulficlent evidence for the
presence of a beta-link.

Absorption by the alpha and beta anomers of glucovyranoese
at Q17 and G20 cﬁ.”ﬁ, respeetively [type 1), was thoushi o
be due to ring vibration (furket und Hadger 1950j). sbsorption
By the alphs snomers was strong, whiles that of the bota
anomers was usually less intense. In the region of 766 cm.“‘,
absorstion {type 3} by glucopyranose was assigned to the
prosence of axial G- %anﬁs {Parker et al, 1954, Since this
type of bonding did not occur in the dorivatives of beta-
glucopyrancse, nocne or very weal absorption was seen at
766 ﬁmo”’ while the alpha ancmers possessed a moderately

intense absorption in that reglon.
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Although the absorption peak cbserved at H87 cm."’

with the partially purified polysaccharide from Fraction
¢ did aot necessarily prove the presence of a beta-iink,
this ebservation coupled with the absence of a iype Za
absorption aud the presence of weak type 1 und type 3
absorptions provided strong circussiantial evidence for
the presence of beta-linked residues.

O the basis of the foregoing results, it uppeared
that Fraction C was largely composed of a polysaccharide,

which was tentatively asssumed to be a betu-~linked glucoside.

Fraction h. This fraction contained the residue of the
call material which had not been extracted by ethanol-sther
or hot water. Using “ovine serua albumin as a protein
standard, the untreated Fraction I waterial was assayed for
protein by a copper-complexing methoud., The guantity of
protein estimated in this materisl wos 102 por cent of the
welghi of starting wmatorial. Rither the average amine acid
rosidue weight per peptide bond of the Fractionm D protein
wvas less then that of bovine soruww albuain or there were
other materials in ¥raction I that were interfering with
the assny.

Conseguently the crude Fraction [ material was treated
according to n procedure designed e Iree protein of saltas,
free amino acids and nuclelc mcids, since it had been found

that these substances could interfere withh the assay (vestley
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and Lawbeth 1%60}. V¥hen 'raction D had been treated in

this way there was a 1 per cent loss of veight and a 3 per
cent loss of protein 1.s. the tetal welght of material

couid be accounted for as protein. IJllowever, the total
radioactivity per unit weight of the treated rraction »
aaterial was 10 per ceni less than that of the untreated
Fraetion D material, Some degradation of protein must have
occurred. It was concluded that Fraction D consisted almost
exclusively of protein.

Ko allovance was unde in the chemical fractiionation
procedure for the presence ol pely-beta~hydroxybutyrate in
the cell material. 7Fherefore the cell material was examined
for this polymer separately.

A quantity of uon-radioactive, freeze~dvied cell matorial

was obtained from Cchrowouas cells which hand been grown under

conditions identical to those euployed to proeduce isotopi-~
cally labelled ecells. an alkaline hypochlorite extract was
prepared frow one gm. of this cell matexial by the uethod of
¥illiamson and Vilkinson {1958). Alternutively the dry cell
waterial was extructed with chloroform according to the method
described by Schlegel ot al. {1961}. It was found, using both
procedures, that (chrowonas did not contain poly-beta-
hydroxybutyrate when it was grown under the conditions
deseribad hexe, This finding was consistent with other
obrservations that the formation of poly-beta~iyydroxybutyrate

Uy mierg-organisms was assoclated with srowth on carben
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substrates, such as acetate, butyrate ete. (MHacrae and
Yilkinson 1958b and Doudoreff and Stanier 1959;. The
synthesis of this polymer by Uchromonas would appear to be
unlikely under any conditions since the growth of the
organism was inhiblted by compounds such as acetate and
propicnate.

4 oumber of chemical fractionation procedures for
micro~organisms have been desoribed (Koberts, Cowie, ibele
son, Holton and Britten 1955, Roodyn and Mandel 1960). Such
procedures are essentislly variants based on the sriginal
procedure of Schuidt and Thannhauser (1945). These variants
have arisen from a desire to examine & particular cell
component where it was necessary to ensure “clemun" fractions,
especlully when isotopes were being used. In the preaent case
the method of chemicnl fractionstion was dictated by somewhat
d¢ifforent ueeds since it was desired to exemine all the major
cell components which could have een potential ondogenous
regorve materiasls for the cell. Furtherwmore, the cell material
was almost uniformly radiomctive ao that a smali amount of
cross contamination boetween the fractions would not greatly
alter the interpretation of the results. Haterials suchk as
deoxyribonucleic acid and ribonucleic aecid, which would have
contained & small amount of the total radioactivity 4in the
cell material of uniformly radicactive cells, were not singled
out and their disposition avong the fractions prepared from

Sehromonas ceil material was unknown.



Chapter 3

3
DISSIMILATION OF (''C) RESERVE MATERIALS DURING RNDOGENOUS
RESPIRATION OF OCHROMONAS MALHAMENSTS,

O
KR RAS S e AR eeciircie

It was proposed (Chapter 1; that it should be possible

{’“ﬁ) labelled

to detect the endogenous reserve materials in a
micro~organism by observing any luss of radioosctivity fron
the cell coustlituents during endogenous respiration in the
absence of exogenous substrates. vhen non-uniformly radio-
active cells were auployed to assess endogoenous respiration
during the respiration of exogenous substrates, Riumenthal

{z&m} carbon dioxide reicased by

et al, {1952) foumi that
such cells was a0t representative of the totai endogenous
turavver. Therefore uniformly radicactive cells wore &
preguisite ror the experiment usroposed here since it was
necessary to have a mensure of the total cundogenous turnover
in order ie be certain that some endopgenous reserve materiul

was a0t overiooked. JYn Choapier 3 it was shown that vhen

Sehyomonas was grown in 2 complete mediua containing (1a66}

zlucose, the cell material was almust uniforunly labelled.
With the development of a 5§tisf&cﬁury chwmical
fractionation of the cell material, it was jossible te
follow the dissinmilation of any {1&§} reserve gsterials
among the cell constituents during endogenous respiration

oi the "uniformly" labelled coils. Yon~uniformly labelled
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in Table 1.
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cells grewn by Method ? were observed wnder the same
conditions as ihe "uniformly” labelled cells and the

results sbtained with both types of cells wepre conpared,

Materials and Methods.
m‘dmmm

in media containing (thcé) #ilucose or to which {1hﬁ6}
£lucose was subsequently added, 300 or 200 mi. cultures of

ﬁc@tggangg were grown in the dark by the two alternative

methods deseribed in Chapter 3. when the cultures had
arows for the desired time the cells wers bBarvested ang
washed in the manner described in Chapter . The washed
cells were suapended in 20 mi. of & mediwn adaptod from
that devised by Ford {1953). The suspension medium iy

deseribed in Table 6,

indegenous resplration of colls gxown Ly Hethed 1,

The suspension of radionciive vells, which hed been
grown by Method 1 and made radicsctive by the oxidative

= ik
sasivilation of (3

ﬁﬁ} glucese, vas divided inte 1.0 mi.
portiona. These $.0 ml. portions of cell suspension were
transferred o separate foil-wrapped 30 ml. hottles, Yhe
bottles were fitted with skirted, rubber vaccine caps,

Adr, which had been pumped through cotton~puacked
filters, was bubbled through the suspensions at a consgtant
rate. The air was blown into the suspensions through perfor-

ated loops of 1.5 mm. bore polythene cammis fitted over the
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end of 18 gauge syringe needles which plerced the rubber
vaccine caps. in order t¢ reduce the logsz in velume due
to the evaporation ¢f water from the suspensions, the gas
gntering the bHottles was saturated with water vapour by
bubbiiing it through 2 water filled gas washing botile.

The zas esecaping from the Lottles, through another
18 pauge syringe needle, was Lubbled through three rubber-
capped centrifuge tubes contalining successively, 5 =l. of
0. 28-sulphuric scild and twe quantities of 5 ml. of & solution
consisting of Z-sthoexy ethenol and ethanolamine {Z:1 by voluse)
(Jeffay aund slvarez 1961). The constituents of the latter
mixture were both freshly distilled, since solutiens that
were kﬁpt longer than & few days produced a peowarful
phosphorescence when they were added to Hray's phosphor
gsolution, which was used for the liguld scintiliation
counting. Pven reshly disiilled samples af these two
Ligqulde wvers found 4o produce a small aseunt of phosphorescence
but this could be suppressed by thoroughly cooling the source

. .
pontasiners 2t £

bketore the radioactivities i the conients
were assayed in the scintillation detector.

Hy these means the cell suspensions vere zerated in the
dark. Nadioactive curbon diexide liverated by ihe cells was
swept {rowm the bottles znd trepped in the Z-ethoxy ethanol-
ethanolanine wixtures. The acid traps prevented any servsol
of non~volatile radioactive gcell material from being cerried

over inte lhe Z~sthoxy othansl-othanolamine traps.
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The bottles were rgitated gently with a mechanical

0, . )
i At prescribed intervals

shaker at room temperature {20~25%
the contents of a bottle and a 1.0 nl. water washing 2f that
bottle were transferred to & 25 mi., centrifuge tube where

the cells vere killed immediately by tho addition of &%
volumes of 9% per cent ethanol. The cell suterial was
separated chenlcally into fvractions as deseribed in Chapter
3. 7The twe 5 ml. quantities of Z-ethoxy ethanol-ethsnolanine
solution were combined and the trapped carbon dioxide was
asszayed for radivactivity by the liquid seiantillation
techinique. The sulphuric acid solutions in the first trap
were neutrallsed with bariws carbonate, sines acid solutiona
caused a high Jdegree of quenching of the phosphor solutien
used for assaylng radioactivity by iiguid secintiliation
(Bray 1960}, 7The precipitated barium sulphate was removed
by centrifuging. The ncutralised supernatent solutions

were Jound to possess negligible amounts of radicactivity

whon they were assayaed by the liculd scintiilation technrigue.

Indogenous respiration of cells srown by Hethod 2.

The suspansion of redicactive cells, vhich had been
grown in & medium containing (}kﬂﬁ) slucose (Method R), was
transferred to a foil-wrapped 70 ml. bottle. This bottle
had the same provision for gassing as deseribed for ihe
bottles used with the Method 1 celle. 48 a conBeguence of

the difficulties experienced with the Z~ethoxy ethonol-



ethanolamine mixture, two tubes each confaining 5 ml. of
2N-godiun hydroxide solution replaced this mixture and the
radionctive carbon dloxlde was trapped in the zikali, The
trapped carbon dioxide was later precipitated as barium
carbonate, inother reason for this chunge was the necessity
to detersine the specifle radioactivity of the evolved carbon
dioxdde aince this value was lmportant for the ianterpretation
of the results, It wns ot pessible to detersine fthe
spocific radioactivity of the varbon dioxide wihich had been
trapped in 2-ethoxy ethanol-ethanolmaine.

The Wottle was sgltated gently with u wechanical sheker
at room femperature. Sawples ol J¢0 ml. were withdrawn, at
intervals, from the radiocsctive cell suspension in the bottle
by mesns of & syringe. These samples were ireated with &
volumes of ethanol and the cell wetorial weas sesarated into
franfiun& as desceribed In Chapter J. Izech fime u sasple
was takeon froep the o2il suspoension the twe tubkes of sodium
hydroxide solution were roplaced by iwo tubes of fresh sodium
hydroaxide solution. Carbenste was precipitated from the
alkaline selutions by adding 3.5 ml. of 8 golution 1.5 ¥ Lo
barliuam chloride and 1.0 ¥ to ammonium chloride. The barium
carbonate precipitate was colleeted by centrifusing and the
supernantant iiguld was disecarded. The barium cuarboenale was
washed once with water and twice with ethanol. The barius
carbonate suspended in ethanol was gollected by iltration

on a disc of Vhatmen nuaber %2 paper supported by a perforated
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solyethyvlene ulanchet, The planchet together with the
vaper dise had been weighed previously. puring the f£iltra-
tion the planchet and paper disec were held in = steinlesse—
steel Filtration device similar te that Jdesceribed by Overman
and Tlark [1969). %While the planchet snd paper disc were
8411l In this spparatus the barium carbonate was washed f'ree
¢f sthancl with acetone and sucked dry. The planchet and
paper disce plus bariuwe carbonate were roweighed te obbain
the weight of barium carbonate by difference. The barium
carbonaty was sesayed for radioactivity with an and-window

detector as described in Chapter 2,

Hanometry.

Manometric measurements were made st 28° vding s
Yarburg direct methed, as -utlined by Umbreit {(1957:),
Similar neasurements were alse made in an atmosphore of
approzinstely 1.5 por ecent {v/v) carbes dioxide in air .

the carbon dioxide~buffer technique of Yardee (1949). Lach

buffer pi 5.5 and n washed cell suspension o Ochromonag, =1l
in n tetal liquid volume »f 3.0 wml. A sorrectlion was made
for the retention of carbon dioxide by the phosphate buffer
by using a factor thet was read from a graph showing the
relation between »¥ aud the ratieo {apparent solubility of
earvon dioxide}/{real solubility of carbon ¢ioxide) [Umbreit

wt

19575},
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The respiratory rates [qu,} were expressed as she
.S
nupber of microlitres of sxygen taken up per mg. dry welght

of cell material per hour.

Besults and Discussion.

Uniferm radioactivity of the cells.

Specifie radioactivity expressed as radioactivity per
unit weight was adequate for the purpose of following
changes in the distribution of radioactivity among the
fractions preopared Ifrom radicactive cells. liowever it was
necessary to determine the specific radiocactivities of these
Tructlions in terms of radicactivity per ator of carbon before
any concliusions could be reached conceraing the uniforuity
of radicactive~laveliling «f the cell smeterial. spproximate
values of the specitic radioactivity expressed iu this way
VWere caleulated for the materials in the fractions preparoed
from gells which had been grown by Hethed 2 (Table 3}. For
the purpose of tuese gulculations it was cssuwed that lipid,
polyseccharide snd proteln represested the whele of the
naterial in iractions B, ¢ aund I respectively. The Following
values were acceoeplted as the percontage of serbon per unit
welght of these materials; 1lipid 68 per cent, polysaccharide
i por cent and protein 52 per cent. The vaiue for the poly-
saceharide was readily calculated and the value for protein
¥as guoted by Fruton and Simaonds (1958). The lipid value

was calculated rox the proportions of the various constituents
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separated on the silicic acid column (Chapter 4, Table 5}
by assuming that sholestoryl palmitate, trioiein, monoolein
and dioleyl lecithin were representative of the compounds
in Practions 3, 4, 7 anc 8 reapectively.
The specific radicactivities calculated for the ivactions

prepared from chromonms cells wiiich were growva by Method 2

were:s
millimicerocuries per
mwilliatom of carbon.
Fraction B {lipic) 195
Fraction ¢ [polysuccharide) 215
Fraction i (protein) 185
Glucose in the medium 303

decause of the heterogeneous composition of fraction 4, it
was not possible to calculate the specific radiozetivity

of this fraction. iince ihe materials in fraction & appeared
to be mostly intermediates of wetabolism, then the value of
the specific radivactivity of this fraction should be similar
to the values calculated for the other fraciions. It was
apparont froum the {isures given above that, in addition to
Flucose, there wers vther carbon coupounds in the mediwm that
vere providing carbon for the synthesis of the waterdais in
fractions ¥, ¢ and I, since the specific radioactivity of the
misterials in these three fractions was less then the spaecific
radioanctivity of glucose in the growih medium. lowever, the

non-radiocactive carbon was not directed to any one fraction
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in particular and there was in fact approximately unifornm
radiosctive~labelling of the materials in fractions A, ¢
and .

The specific radioactivities that were calculated #rom
the fipures available for the fractions prepared from cells
that were grown by Method 1 wore:

willimicrocurios peor
milliaton of ecarbon.

Fraction B {1ipid) 198
Fraction ¢ (pelysaccharide) 87
Glucose added ¢t¢ the wedium 839,000

it vas apperent that the materiels in fraction B and ¢ did
not have the same specific radioactivitiss, Thus, cells
which had been grown by Hethod 1 were not uniforuly radio-
active, Only the cells whdeh had been grown by iethod 2
were sufficiently near to fulfilling the conditions that wore
required of cells which might Le used to detect the raserve

waterials by the methoed deseribed in this chapter.

iZndogenous respiration of ceils grown by Method 1.
¥hen cells which had beon made radioactive by Method 1

were allowed to respire in the wbsonce of any added substrates,
frections ¥ and € which had been prapared from these cells
both lost radicuctivity (column K, Table 7). After 20 hours

of this endogenous respiration almost all of the radicactivity
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had disappeared from fraction ¢ while the total radio-
activity of fraction & bhad been reduced by 18 per cent.

The reduction of i‘he totai radicactivity in fractiona ©

and ¢ was accompanied by an incresse in the total radio-~
activity offraction 4 and an increase in the total
radioactivity of the evolved carbon dioxide. The magnitudes
of these changes were such that it could be concluded that
the radiocactive material in fraction ¢ must have contributed
to the increase in the total radioactivities of woth fraction
A and the carbon dloxide.

The specific radicactivities {(units of radiosctivity per
undt welght) of the meterisis in fractivns B and Q did not
alter sipnificantly during the initial 10 hours of enxdogenous
respiration; during this time the total radioactivitices were
reduced by 18 aml 45 per cont respectively. “ither the
muterdals within fraction © and ¢ wexe uuiformly radiocactive
or, fortuitously, the non~radiosctive cowponents wvere
releasing non-radicactive carbon dioxide at the same rate
and to the same extsut as the radicactive compononts were

‘kﬂ} carbon dioxide. Fraction ¢ consisted largely

releasing (
of a single polyssccharide (Chapter 4) and therefore the
presence of 2 non-radioactive carbon source in this fraction
did net have to be taken into account. Thus the material in
fraction ¢ nust have been uniformliy radiocactive, since the

specific radioactivity had remained virtuaily constant while

the total radicactivity had been reduced by &5 per cent.
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On the ather hand it was found (Chapter &) that fraction B

was heterogenous in composition. Therefore it was possible

that a non-radicactive 1ipid was being catabolised at the same
rate and to the same extent as the radiocactive lipid so that the
specific radioactivity of the lipid remainuing was always constant,
¥hen the radicactive material in fraction ¢ had been utilized the
total radioactivity of fraction D began &o decrease.

The wmaterials in fraction / were amalysed further in an
attempt to determine the nature of the material causing the
increase in total radiozctivity of this fraction during emiogehne
ous respiration ef cells produced by pethod 1. 7The fraction
was separated imto meidic, basic and noutral sub-fraictions by
means of ion-exchange resins as described in Chapter 4, The
distribution e¢f the total rodiocsctivity among the sub-fractions
of fraction 4 is shown in Table B. Althouzh the radiosctivity
of the meutral fraction incremsed with the time of endogenous
respiraticn, it was apparent from the recoveries of radianctivity
in the three fractions that the mzterial primaxrily responsible
for the increase in the totul radiozetivity of fraction & had
been lost during the preparation of the sub-fractions. It was
possible that the missing radioactive muterial was the salt of a
volatile acid and the freoe scid was lost to the atwosphere after

Fraction & had been treated with the cation~exchange resin.

Endogenous respiration of cells grown by Method 2.

Radivactive cells wore grown by culturing Qchrowonss in a
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medium containing uniformly-labelled glucose (Method 2).
Samples were takem at lintervals from a suspension of these
cells which were reapiring aerobically in the absence of
exogenous substrates anc¢ ithe cell material was sepurated
inte fractions amnd assayed for radiowctivity. The distribu-
tion of the radicactivity among the fractions is shiown in
Table 9. Durding the initial & hours of endogenous
respiration, the amount of radlouctivity in the carbon
dioxide liberated by the cells could be sgquated sclely
with the disappearzunce of radiocactivity from Praction C.
Hovever, after 8 hours of endogenous respiration the total
radicectivity in fraction B began to decrease and it was
ne lenger possible to equate the amount of radioactivity
disappearing from Fraction € with the amount of radio~
activity appearing in the gérhnn dioxide. ¥o incyreuse in
the total radiocactivity of "raction & was cbserved during
this experiment. Tho total radioaciivity of ¥Fraction U
did not decrease significantly in the tiwe that szmples
of the cell suspension were taken. iowever, the radio-
active paterial in Preaction ¢ bhad not boen sxhausted by
the time the last sauple of cells was taken and the breake
down of the material in Fraection I may not bhave occurred
until the material in Fraction € was all utilized. In the
exporiment with the Method 1 cells all ihe wmaterisl in
Fraction C had been utilized when the decrease in total

radioactivity of FPraction D was detected.
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The specific radivcactivities of the materials in
Fractions 4, & and & and the liiterated carbon dioxide were
all virtually constant for the duration of the experiment.
However, the specific radicactivity of fraction ¢ was
randonly variable. PPossibly this variation was related to
éifficulties experienced in obtaining the material of
Fraction ¢ in an anhydrous state. Hince the specific radio-
activitivs of all the other constitueants of the cell materizal
ami the carbon dioxide were constant, it moy be assumed
that the specific radioasctivity of the material im Practiom
¢ wﬁs actually constant ardd that the apparent variation of
the specific radioactivity of Praection ¢ was due to wvaria-
tions in the degvee of hydration of the jolysaccharide
specimens prepared from each sample.

The results obtalined with radiocactive {chromonss cells
which had been grown by either Method 1 or iethed 2 clearly
showed that the smaterial in Fraction [ was being wmetabolised
to carbon diloxide during endogenous respiration. The
uaterial in Praction ¢ was tentatively identified as & beta-
linked glucoside (Chapter 4). Using ceils which had been
wade readicactive by Method 1, it appeared that there was
ancther product of eidogencus respivation in addition to
earbon dioxide. Ilowever these cells were not uniformly
radicactive amil it was possible that this "product” was
an artifact. Since the specific radicactivitios (milii-

microcuries per mg.) of all the fractions and the carbon
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dioxide, cbtained from the cells which had been grown by
Hethod 2, remained neariy constant during 10 hours of
andogenous respiration, then any but a very wminor smount
of non-radioactive cell material could have been acting
as an endogenous reserve material in these cells.
Hanometry.

buring endogenous respiration of dark-grown cells im
the absence of exegenous substrates the .0, was found to
be 0.86 * 0.08 (standard deviantion, 11 determinations}.
This value was obitained by measuring, manometricully, the
oxygen taken up by the cella in an atwosphere of 1.5 per
cent carbon dioxide in air using the carbon dioxide~buffer
technique of Pardee (1949). “The volume of carbon dioxids
liberated sluring the seue timewns determined by subtracting
the volume of oxygen taken up from the volume change ocoury-
ing over the same gquantity of cells wvhich were respiring in
an atmosphere oif air in a separate Varburg flask. The R.(.
was then equal to the ratio {volume of carbon dioxide
evolved)/(volune of oxygen taken up).

ihe R,0. was determined by thils means since it was
found that the rate of endogenous respiration of dark-
grown dchromonas cells was dependent on the presence of
carkon dioxide in the atmosphere. This finding was controry
to that of Reawzin (1954) who found that the respiration rate

of dark-grown Ochromonas cells was the same whether it was

deternined by the “arburg direct wmethod, the Warburg in-
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direct method or the wethod of rPardee (1949} using o
carbon dioxide buffer.

in the present investigation, “02 {wicrolitres of
axygen taken up per mg. dry weight of cells per hour) im
the presence of 1.5 per cent carbton dioxids was 14.07 *
5.8% (standard deviation, 11 determinations}, wizile im
the absence of carbon dioxide (potassiws hydroxide selu-
tion in the cenire-well of ike varburg flasi) Qo, wes
31.28 ¥ 10.82 {standaxd deviation, & determinations).
Therelfore i.Q. dotermined Ly the Yarbury direct method
night aot Be valid. It was not even ceriein that the
Haee datornined in the preszcuce of 1.5 per cent sarbon
dioxide was wvalid, since this voncontration was % Lises
thet normully found in air. “he awall concentration of
carben diomide in air {U.03 per cont) could not be repro-
duced inside = vVarburg flask wsing the carbon dlioxide
buffer systeas of Perdee {(1949) or Hrebs (1951}, sc it
vas anot possible to determiue the L0, of dark-grown
Dehromonsg cells la ailr.

If the N.G. value of .86, deterwined in the presence
of 1.5 per cent cartoen dioxide, wis agcepitable, then this
would indiecato that some materlal other than carbolydraie
was ascting os the endegenous resorve mnterisl in darh-
grown Ochromonss. feazin {1954) found that the W.i. of
dark-grown (chromonss was (.8 and without further experi-

wenital svidence bho sade the sawme suggestiion. However, the
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evidence available from the preseni investigation clearly
indicated that the material in Praction € was the endo-

genous reserve of Dchromonas and it was believed that

this material wvas a polysaccharide.
Thereiore & modre thoroush examination was made of
the material in Fraction € in an attempt to eatablish

the pature of the reserve material.
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Chapter 6

FURIFICATION AND ANALYSIS OF 4 FOLYSACCHARIDE RESERVE

MATERIAL ISOLATEL FRM OCHROMONAD MALHAMENSIS.

- It wvas shown in Chapter %5 that the reseorve material

which supporited sundogenous reapiration ef dochromonas was

& constituent of an aqueous extract (Fraction o) of the

€01l maievrisal. Vhen Ochromouss vells were made radio-

active by growth ou Qlﬁﬂﬁﬁ giucose the reserve mutorial
accounted for a large proportion of the radicactivity in
Fraction C. Heost of the radicesctive materizal ia Yractiem
¢ was ldentified with a neutral polysaccharide which was
obtained by selective precipistation with hexadecyl
trimeihylamsonium borate (Chaptor 4). This neutral poly-
saccharide was itentatively identified as & beta-linked
giucoside.

_Archibald et al. (1958) L slready partially charac-
terdised a polysaccieride which they had isolated from
Dehixomonas. iHowever ithere was no certainity that their
rolysaccharide was the same as the radioactive poly-
saccharide obtained during this investigation. Consequent-
1Ly an sttempt was mads ©0 characiterize the radiocactive
polysaccharide and in so doing & novel method of purifica-

tion was employed.



Haterials and Methods.

It was apparent from the brief examination of
Fraction ¢ described im chapter 4, that precipitation
with hexadecyl trimethylammoniuz bromide in the presencse
of borate effected some purification of the polysaccharide
which made up the largest proportion of this fraction.
Chroux tographic analysis of acid hydrolysutes of the
partially purified polysaccharide showed that either the
polysaccharide vas a polymer of more than one sugar or it
was still accompanied by sowe impurities.

Antonopoulos, THorelius, Gardell, Hamnstrom an¢ Secott
(1961) had effected a separation of a wixture of acidie
polysaccharides. 7The polysaccharides were precipitated
on o cellulose colusn as the hexadecyl-pyridinium complex-
es and the complexes were separated by sxtracting the
column wvith a salt gradient. Prior to this report, Scott
{1960) had suggested that keratesulphate wight be puriiied
by colunn elution of the berate~paraffin chain guaternary
nitrogen complex. The procedure used to purify the radic-
active Cchrouonas polysaccharide was derived from &
combinntion of ithe wethods described by Aatonopoulos et al,
(1961) with the suggestionmade by Hcott (1960).
golunmn olution of 2 polysaccharide~borate~gquateruuxry

nitrozen cowmplex.

A glass column 2.5 x 42 cw. was maintained =t 38°

by eirculating water from a heated reservoir through a
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Jacket surrounding the column. The column had a standard
24 socket st each end. These ﬁﬁuﬁdnrd sockets were
Fitted with rubber stoppers of the same dimensions ns the
socket. . short length of siainless-steel tubing with an
internal diameter of 1.5 sm. plerced (he lower stopper and
provided the column with an outlet. Resting on top of
this stopper in ascending order were, & 1.5 mm~thick
polyethylese ring, & disc of Whatmen sumber one filter
paper, a 2.5 mm~-thick perforated teflon disc and another
disc of filter paper. L1l of these articles made u close
fit with the inside of the columm. 7The volume of liquid
held up between the cutlet and the cellulose packed in
the colwan was U.2 ml. This small hold-ap voilume hLept
remixing of the coluan effluent to & minimum.

sixty gme of vhatmen stamdard grade cellulose powder
(i¥. Heeve inpel and Cu, Ltd., London) were suspended in
600ml. of Q.i ¥ sodium tetraborate solution which hed been
adjusied to pH 9.4%5 with sodium hydroxide. 7his suspension
was silrred nmagnetiecally wuder full vecuwm of 2 water sump
for oune hour. This procedure was necessary Lo remove
dissolved gases and ges irapped in the iuterstices of the
pelluiose powder, otherwise large bubbles of gas {ormed
in the coluwm when the teaperature of the cellulose was
raiged to 38%, 4l1l solutions that were added io the column
were treated in this way. The suspension of cellulose was

poured down a glass rod iato the column. 7The cellulose
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was packed down in the columm by applying & pressure of

2 to 3 ibs. per square inch at the upper end i the column.
This cellulose provided an inert surface on which the
polysaccharide-~borate-hexadecyl pyridinium complex was
precipitated. & filter-paper dise with & nylon thread
Tixed to the cenire was lowered on to the top of the
cellulose. ‘The disc prevented the elusnt from scouring
the surface of the cellulose sud the throead facilitated
withdrawal of the disc at a later stape. ‘Tthe flow of
Liquid from the outlet at the boittom of the colwwmn was
controlled by means of a screvw cilp applied to & length of
1.5 wme. -~ bhore polyethylene tubing which connected the
column to the scamning device.

The scanning device consiated of a hydrogen lamp light
source, a HR%0 graiing wmenochroemator {(Hilger-Yatts iLtd.,
London) and a suitable photocell. ‘The column offluent
iflowed through a o.5cn. silica cell swunted between the
monociiromator and the prhotocell. 7The photocell output was
logurithuiecally amplifled before it was fed to the iaput of
a rectilinear recording milliampmeter {Texas Instruments
inc., Houston, ToX., U.S5.4.) which plotted the extinction
of the coluam efflucent. The scamning device was set %o
record absorption at a wavelength of 260 willimicrons since
i-hexadecyl pyridinium browide had = charscteristic absorp-
tion maximuz at this wavelength. 7The column effluent that
had passed through the scamning devics was cellected in
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tubes that were held by a time~contrelled fraction collec-
tor. The l.5 mm.-bore gsolyethylemne ftubing, commecting the
scamning device to the coluun and the scanning device to
the fraction collector, was irradlated with infrared lamps
to keep; the temperature of the liquid within the tubing
above 35°.

4 solution of 200 ml. of 0.026 ¥ l-hexadecyl pyridin-
iuvm bromide in 0.1 M sodium totraborate, which had been
adjusted to pil 9.45, was added to the column Ffrom an elec~-
trically heatod separating fumnel waintsined at 38%., 1t
was necessury to keep the temperature at 38° since l-hexa-
decyl pyridinium brounide has z critical solution tempera-
ture of 33°. The separating fuunel was eguipped with a
caplillary bore stem which plerced the stopper at the top of
the coluan and reached to within 2 mm. ef the filter paper
disc situated on top of the celluloss. The flow from the
coluam was meintained at 4 to 35 ml. per mianute.

Yhen the 200 ml. of solution had run in level with the
cellulose the flov of liquid from the coluam was stopped
and the iilter paper disc was withdyvawn. One wmwl. of 0.1 M
sodiuwm tetraborate solution p¥ 9.45 was added to the coluan
and allowed to run in level with the celluiose. 2 50 mg.
sample of the radicactive fraction C maierial, which had
been selectively precipitated with hexadecyl trimethyl
ammoniun-borate between pH 8.5 and 9.8 and recovered as

described in Chapter 4, was dissolved in 1.5 ml. of 0.1 M
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tetraborate solution, added to the column and allowed to
drain inte the cellulose. This solution was followed by
the addition of another 1.0 ml. of the 0.1 M tetraborate
solution. The Filter paper disc was replaced at the top
of the column and the column was irrigated with another
200 ml. of (.026 ¥ l-hexadecyl pyridinium bromide in 0.1 M
sodiwm tetraborate pH 9.45 at a flow rate of 2 ml. per
minute. “hen this solution had passed into the column
excess l-hexadecyl pyridinium bromide was washed from the
column with 0.1 i sodium tetraborate solution pH 9.45 at
a flow rate of 3 ml. per mimate. The washing of the
column was continued wctil the absorption of the effluent
reached a steady low value,.

The polysaccharide-borate-~quaternary nitrogen complex,
which had been precipitated on the surface of the cellulose
in the column, was eluted with z borate-phosphate wixiure
of decreasing pite 4 solution of 750 ml. of 0,09 ¥ sodiun
dihydrogen phosphate was allowad to drain from a separating
funnel wiih o capillary bore stem into the bottom of a
stoppered bottle containing 750 ml. of 0.1 M scdium tetra~
borate which had been adjusted to pii 9.45. 7The bottle con-
tents were stirred magnetically. The milxture of contin-
uously decreasing pil was expelled Crowm the bottle by the
pressure of the liquid in the funnel. The mixture issuing
from the bottle flowed through 1.5 mm.-bore puliyethylene
tubing to an outlet 2mm. above the filter paper disc at the
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head of the solwun. The flow oi' the column effluent was
controiled at 0.5 ml. per minute. #Fractions of the column
effluent were collected every 10 winutes and the pH of the
fractions was determined after they had cooled to roow
temperature {20°).

Fractions of the column efiluent corresponding to the
peaks itraced by the recorder were pooled. itefore this
could be done it wes necessary to dissolve the precipitated
complex by acidifying the Ifractions with one or twe drops
of 2K-acetic acid. 7The complex precipitated because the PEl
of the solution iuereased slightly when the fractions cooled
from 387 to roem temperature. <The polysaccharide was recov-
ored from the hexadecyl pyridinium-borate-polysaccharide
comilex Dy treatment of the pooled fractions with a cation-
exchange resin and removal of the boric acid by distillation
with methanol as described in Chapter 4.

The coumplete apparatus for the coluwum elution of the
polysaccharide complex is siown in Figure 3.

The specific rotation of & solution of peliysaccharide
in water was determined using a Hilger Microptic polarimeter
(Hilger and ¥atts Ltd., London}.

An infrared spectruvm of the polysaccharide vas deter-
mined as described in Chaprer &,

Acid hydrolysis of polysaccharide i. PFolysaccharide 1,
wiiich had hoen separated from Fraction ¢ in the cellulose

column, was hydrolysed in 2N-sulphuric acid (1 mg. per ml,)
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for 4 hours at 1007 in & sealed tube. The cooled hydro-
lysate was neutralized with barium carbonate. The pre-
cipitated barium sulphate and the excess barium caritounate
wore packed by cenitrifuging snd the supernatant, neutra-
1ized, hydrolysate was removed. The precipitate was washed
three times with water. The washings were combined with
the original supernatant amd the solution was reduced to
dryness in a vacuum desiccator.

The dry residue was dissolved in = small volume of
wuter snd semples ¢f this solution squivalent teo approxi-
mately 50 micrograms of solid material were examined by
paper chromatography with the solvent mixture ethyl acetate-
pyridine-vater (120:50:40 by volume) (Smith 1960) using
vhatman nunber 1 paper. The dry chromatograns were sprayed
with 0.1 ¥ oxanilic acid and then heated at 110% for 10
minites to detect reduecing sugars. Separate chrowmatograms
vors ¢ipped in a solution of 0.3 per cent (w/v) lead tetra-
acetate in chloroform, aliowed to dry amd then dipped in a
soluilen of Q.03 per cent roganiline bause im 10 per cent
acetic acid in acetone to detect non-reducing carbohydrates
{sampson et al. 1961).

4 partial hydrolysate of polysaccharide 1. was obtained
by treating it with 0.5 X hydrochloric acid (10 wmg. per mi.)
at 100° in o sealed tube For 20 minutes. The hydrolysate
was dried in a vacuum desiccator over sodium hydroxide

flakss to remove hydrochloric acid. The dry smterial was



97.

dissolved in water and samples of the solution were exam-
ined Ly paper chromatography with the solvent gysiem pre-

viousiy desecribed.

sedd hydrolysis of polysaccharide 2. Polysaccharide 2

was hydrolysed with sulphurice zcid exactly as described
for polysaccharide 1. The neutraiised hydrolysate was
cxemined by paeper chromatography with the sawe solvent sys~
tem used for polysaccharide 1. Additional sasmples of the
hydrolvsate were subjected to tlectrophoresis on Vhaiman
IMM paper with sodium arsenite buffer pH 9.6, at 400 volts
for 16 hours. Iin addition the hydrelysate was assayed for
total carbohydrate by the method of Halliwell {1960}, for
total hexcse by the method of Dische, zhettles and Osnos
{1949) and for reducing sugars by the wothed of Hateles
{1960) .

Polyssecharide 2 was partially hydrolysed and the

hydrolysate was examined exactly as described for poly-

saccharide 1.

lysis of polysacchuride le If the radio-

active polysaccharide in fraction { was similar Lo the
polysaccharide isolated by arehdbald et al. (1958), thea
the radicazetive polysaccharide should be degraded by two
engymes which have been shown to catalyse the hydrolysis
of beta-l, J~iinked glucans (heese and Mandels 1959).

4 solution of 1 mge. of polysaccharide 1 dissolved in
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0275 ml. of 0.027% M citric ascid-sodium citrate buffer
pH 4.9 {Hemington and Dawson 1959) was added to & solution
containing 5.45 uudts of an exohydrolytic beta=D=1, 3-gluc~
anase (kindly donated by br. ©.T. jleecse, ‘uartermaster
Research and Engineering Centre, Hatick, Mass., U.S.4i.) im
0.025 ml. of water. The exohydreolytic beta~el, J-zlucan-
ase was cbtained from the culture {iltrate of a Basidio-
wmycete specles by precipitation with ucetone and partially
purified by fractional precipitation with ethanol. 7This
engyre preporation had a specific activity of 350 units
PR M. ome unit of euzyme produced 1 mg. of reducing
sugar, weasured as glucese, irom J mg. of lamlnarin in
1.0 ml. of citrate buffer pH 4.9 ut %0° in one hour {ioese
and Mandels 1959), & drop of toluene was placed on the
surface of the reaction wixture which was incubated at 40°
for & hours. The reaction was stopped by boiling the re-
action aixturo.

Bamples of the boiled reuction mixture were cnalysed
by paper chromatography with the solvent mixture ethyl

acetato-pyridine-water as described previously.

Eogynic Lydrolysis of polysuecharide . Pelysacchaiide 2

wag treated with the oxohydrolytic beta~[i=1, JS-glucanase
exactly #s deseribed for polysaccharide 1 and the products
of the reaction were examined by paper chromatography. 4Amn

oligosaccharide, vhich was & product of the sctivity of
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this enzywe om polysaccharide 2, wae cbtained in greater
yield by repeating the above reaction with ten times the
quantities of reactants. The boiled reaction mixture was
streaked along an origin line, 55 cm. in length, on a sheet
of ¥hatman 3MM paper. The chromatogram was developed with
the solvent mixture ethyl acetute-pyridine-water previously
described: » strip, 1.5 cu. wide, was cut from one side of
the dry chromatogram down the line of development. Thias
strip was treanted with the lsad tetraacetate~rosaniline
reagent previously described to locate the sliposaccharide
bamid. A strip, corresponding to the pusition of the de~
tected oligosaccharide, wus cut from the remainder of the
chromatogran. To olute the oligosuccharide, ihis sirip
was colled and placed in a nylon-mesh bag where the paper
was moistened to saturation with water. The upper eiges
of the bag were held between the wall ¢f a 25 nml. centrie
fuge tube and a polyethylene stepper, so that the bag huug
down inside the tube. The tube was centrifuged 2t 00 g
for 10 =inutes im a bench centrifuze. The eiuate collscted
at the Lottom of the gentriiuge tube. This procedure was
repeated six times amd the combined eluates were reduced to
drynoess in 2 rotary evaporatore.

Since the exo~bata-l, J-glucannse had a resiricted
specilicity (Johnson, Xirkwood, Misaki, Helson, Scaletti
and Smith 1963}, then this oligosaccharide still wight have

possessed beta=l, J-glycosidiec linke., Therefore the
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oligosaccharide was treated with two other enzymes which
catalysed the hydrolysis of beta-glycosidic bomis in order
to establish whether the oligosaccharide still possessed
bonds of this type.

7he oligosaccharide was dissolved in 0.75 ml. of water
and 0.25 ml. of this solution was mixed with 0.G35 ml. of
0.4 M sodium aceftate~zacetic acid buffer pH 5.5. and 0.5 mg.
of & beta-glucosidase preparation obtained Irom almond
emulsin {(California Foundation for RBiochemical Hesesrch,
Los ingeles, (alif., Y.5.A.). A drop of toluene was placed
on the surface of the reaction mixture which was left at
37° for 1% hours. One mg. samples of cellobiose, maltose,
and polysaccharide 2 were treated with the beta-glucosidase
at the seme time under the same conditions.

After 15 hours 0.05 ml. samples of all reaction mix~-
tures were examined by chromatography on VWhatman number 1
paper with the cthyl acetate-pyridine-wzier solvent mizture
desceribed previously. #Heducing sugars aid non~reducing
carbohydrates were detected with the oxanilic acid and lead
toetraacetate~rosaniline reagents.

4 further 0.2% ml. portion of the eligesaccharide solu-
tion was mixed with 0.01 ml. of G.l i edtric acid-sodium
citrate buffer pi 4.9 and 0.2 mg. of an endohydrolytic beta-
=1, 3~glucauase (also a gli't of Dr. E.T. leese). 4 drop
of toluene was placed on the surface of_&ho l1iguid and the

reaction mixture was left at 38Y for 12 hours. Samples of
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0.05 ml. of the boiled reaction mixture were examined by
\ '.:',“."\"': )

paper chromatograpghy as described before.

Fartial enzymic hydrolysis of polysaccharide 2 and
isglation of a disaccharide.

It was found that the endohydrolytic beta-ii=1l, 3 zglue-
anase degraded polysaccharlide 2 o o wuixture of di- and
iri-sacecharide sub-units. The nature of the predominant
£lycosidic bond in polysaccharide 2 could be determined irf
the disaccharide was isolated and its structure was cstab-
lished. (owever, the onzyue praparation that was available
contalned & masll swmount of an oligosaccharidase which
slowly degraded the di- and tri- saccharides te glucose,
Therefore a preliminary oxperiment was performed to deter-
mine a time eof reaction for which zan optinum amount of
disaccharide would be cbtalned.

£ solution centaining .15 mg. ©f the sndo~glucanuse
in 0.02% ml. of water was added to 1.5 ag. of polysaceh-
aride 2 dissolved in 0.425 ml. of ©0.05 ¥ eitric ascid-
sodium citvate bhulffer pil 4.9. The reactiion was allowed to
proceed at 40%. samples of 0.05 ml. were withdrawn at 20
mimite intervals and the reaction was astopped by heating
the samples at 100° ror 1 minute. The heated summples were
exanined by chromatography omn Yhatman number 1 paper with
the solvent mixture propan-l-ol-water~ethyl ascetate {(7:2:1
by volume) {Albon and Gross 1952}. The development was for

G hours so that the asolvent front went off the end ol the



polysacehrpide 2 wilh an

o
5

FLUCANAEE .

solution of 1l.45% mg. 0f poiressecbhuride 7 ia
5,45 mle 0F (.05 M gliric sceid-sedtiun oilirate

mainbalined at 407, 4 molution of

Wo=-tyne giuc mase ia 0.025% mi. of buffer was

the aolys-echaride aalulion. Samples of

.

o Lne

g kg ey 1 mA e d o
Fa g pnbervals ang 04

&7
‘ot
foo
L3
“
i
o
2
3
4

P ny paser chromatosyaphy

sivent svopime~lecl-w ber-ethyl acetatbe

mponents separated
arram were Adetected by aa Actigraph 2

5 3.

reanner (Nucliesar Chieago f.ﬂfi}rgf)”‘“’ti&}ﬁ).

PEQOrALinNga are

%
A e At
©

i defltal W e

"
— - -

=T O W o B
SUIFATS WE'E VG E

granilic aold raagesnd hadinetive ocuxpunends

. | — LA
Wit identifled

) respsChiovedy.
=

2w 1a bhe patic of the distunce sowponend woves

A

LR



EIGURE 6.

20min. *
25
20

o

3.0

60min.

»

b AT TV b

Y § S ) W ol . L] £ ok A H 3 1

& Ut e e TR L e e S T AR
L o g AR 1 %4 ) Ly W [

10 03 06 04 02 0

RADIOACTIVITY



102,

paper. After the developmeni was completed the dry
chromatograms were cut into strips down the line of devel~
opment. Hadioactive areas were detected on these strips
by passing them through an isctigraph 2 radioactive paper-
strip scanner. The amounts of eligosaccharides [ormed
ware sstimated from ithe areas under the peaks of radig~
setivity recoxrded. Under these conditions 2 reaction time
of 45 minutes was found to produce an optimus amount of
disaccharide (Figure 6j.

In order o obitain sufficient disaccharide for zunuly-
sie the guantitiea of reactants in the reaction mixture
ware increased so that 20 wg. of polysaccharide 2 mizht be
treated with the sndo-glucanase under exactly the same .
coenditions as described before. 7The reaction was allowed
to proceed 45 mimutes and the resction mixture wus boiled.
ions were rvenoved from the bolled reaction mixiure by
allowing it to pass fivrst through & column of the cation-
exchange resin Dowex 50 in the acid form (100200 mesh)
and then throuwgh a colwmm 2f the anlon~sxchange resin
smberlite CCGH00 in the formate Yorm (100~200 mesi). The
aeffluent solution was {reeze dried.

The oligzosaccharides in the dry material vers separa~
ted by chromatography on a 1 x 10 cm. coluan made from.a
mixture of celite 535 and activated charcoal powder {(1:1
by weight) (whistler amd Hurso 1950)}. <Celite 535 (Johns-
Manville} was treated with 8N-hydrochloric acid at 80° for
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10 mimutes and then left fo stand eovernight at room temp-
erature, HNext day the cellte was washed free of chlorides
with Jdeionised water. VWater was removed irom the celite
by washing it with zthanol and the ethanol was removed by
washing with diethyl ethers The powder was zir dried %o
remove sther and then it was dried at 100% for & hours.
The activated charcoal powder (British Drug Houses Ltd.)
was acid washed, 7The suspension of celite and charcoal

in water waes supporied by a poresity 3 sintered glasa disc
at the bottem of the colunmne. The upper surtface of the
celite~charcoal mixture was gprotected by & filter paperx
disc,

The fresze-drled cligosaccheride mixture vas dissolved
in 3 ml, of water and this solution was added to the top. of
the column. Initially the coluwnm was eluted with 150 ul.
of Q.01¥~formic acid. Elution was continued using a grad-
fent ¢f iuncreansing concentration of sthanel in §.CLli-{oruic
#eid (Taylor and Whelan 1962). ‘fhe simple gracient was
proguced using three chasbers of & gradient mixer {JPetersen
and Sober 1959). The first and second chambers of the
gradient mixer contained 130 ml. each of G,01lN<~fomic acid
wizile the third chamber contained 130 ml. of 30 per cent
(v/v) ethanol in 0.G1lX=-Tormic zcide The column effluent
wvas collectied in tubes that were held by a time-contruviled
fraction collecior. Initiully the {low of liquid from the

golunn was 24 ml. per hour, but this rate gradually incressed
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to a maximum of %50 ml. per hour. The total hexose in
25 wl, samples of each ifraction was determined by the
methed of Dische et al, {1949),

Practions containlng separated sligoseccharide peaks
were pooled and the solutions were reduced to dyyness in =
rotary evaperator. The dry residues were dissolved in water
and portions of these solutions were examined by paper
clirema tography with the propanci-water-ethyl acetate solvent
mixture previocusly described. Further portiocas of these
solutions were exanined by crecirophoresis on Yhatmen 3uM
paper uysing an electirolyte of (.05 ¥ sodium tetraborate
at 1200 volts for 7 hours (Fralm and Hills 1956}. FNorax
on the dried paper suppressed the colour resction between
the sugars and the oxanilic acid resgent. Hovever colour
development with the aniline-phosphoric acidebutan=ieoj
reagent of Yrahn and ¥ills {1939} was not aiffected, The
identity of the oligosaccharides from the colusn was
established by eomparison with the components of a »artial
acid hydrelyssate of polysaccharide 2 and with suthentie

disaccharides.

snalysls of a disaccharide prepared from polysaccharide 2.

4 weighed amount of ihe dyy disaccharide dissolved in
witer wos assayed for total hexose (Dische et al. 19495}

and for reducing sugars (Mateles V5607,
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In erder to establish the structure of the
disaccharide it was oxidised with lead tetraacetate by o
method similar to that described by reriin {1955%. Ferlin
had shown that it was possible teo distinguish disseccharides
with different types of linkages by examining the products
of lead tetraascetate oxidation.

A soiutlon ef § mg. of lead teiramcetate in Q.49 ml.
of glacial acetic seid was sdded to a seolution of 1 mg.
of the disaccharide in 0.0t mi. of water. The resction was
allowed to procsed & 36°% ror 10 minutes whon the reaction
was stopped by the addition of G.2 ml. of glaciasl mcetic
aeid containing & wy. of oxelic acid. The precinitate of
lesd oxanlate was packed down by centrifuging and G.05 mi.
sanples of the supermatant liquid were assayed for pentose
in the sressnes ﬁf fgincose by the method of Dische, ihriich,
Hunoz and ?on,ﬁallmanlftgﬁﬁ}. The rest of the supernatant
liguid was passed through u 5 x 40 sm. soluma of the
cation-exchange resin Dowex 50 in the acid form [ 160-200
gaﬁhﬁ. The golwmn elTluent was vreduced to diyness in a
vacuun desiccator. The dry waiterial was treatod with
Fe5 ml. of 1¥-hydrochloric scid at 160° for 50 minutes,.
This solution was reduced to dryness in & vacuum desiccator
over sodius hydroxide. The dry umtorial was exauined by
paper chromatography with the solvent wixtures ethyl
acotate-pyridine-water previously described and water sat-
urated phenol. Radicvautograplis were made from the chrouato-

LYo .
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The conlitions vore the same as those escribed in the leqond of Tirure 7
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Results.

Column elution of the polysaccharide~-borate-hexadecyl

pyridicium couwplex.

Pigure 7 shows a typlcal recording of the extinetion
of the columm effluent at 200 millimicrons during the
zlution «f = polysaccharide-borate-hexadecyl pyridinium
complex from a cellulvse column. #hen the partially
perified polyssgcharide of Fraetion © was preciplitated on
the coluan and the colunn was eluted with a gradient of
decreasing pH two penks of 60 millimicron~-absorbing
materinl wverse detectod in the columst eifluent. Since the
two pouis were sverlapping, the curves of eath peak wers
intarpolatesd te the base-line oxtinction and a series of
fractions was sealscted umder each poak so that contaming-
tion {rom the other peak was siinimal. Umder these condi-
tions, Z.4 sud 28 mg. of polysmechuride were recovered {rom
the couplexes which were in the {ractions corresponding to
peaks § and 2 respectively; 50 sg. of the partially puri-
fied polyssccharide were added to fthe ¢olumn originaliy.

3y reducing the guantity of purtially purified poly-
saccharide to 20 mg. and sxtending the pl gradieat over a
volume of 1200 =l. instead of 750 mi., it was possible to
separate completely tiie two peaks of 260 millimicron-
absorbing material (Figure 8}. The contamination of one
peak by the other was e¢liminated. However, the necessity

of starting with 2 saaller smount of the partiaily purifiled
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polysaccharide and the inerease in lcosses attendant with
handling the larger volume of column offluent appeared to
offset any of the advantages gained by these measures.
Tagring the column elution of several guantities of the
partially purified peolyssccharide-borate-hexadecyl
pyridinius govplex umdex the same sonditions, ithe peak 1
material was consistently esluted =t a room itemperature pit
af J.h and the peak 2 material at e pil of 9.1,
polysaccharide 2 had an [oc] £ of + 6.7° (¢ ¢.215 in

wahap!, The polysaceharide lzolsted yom Qehyomonns by

Avehibald et si. (1958) had an Bxﬂn'af'+ 0", Polye
saccharide 2 had #ﬂ infrered spectruw idontical with that
of the ecruder material {(Chapter & and Fipure 4&). infor-
tunately there was insufiiclent pelyssccharids 1 to

determine the speeific rotation or the infrared spectram,.

Aeid hydrolysis of polvssccharide 1. When sn acid

hvdrolysate of polysaccharide | wes examined by paper
chremnstography with the solvent ethyl acetate~-pyridine-
water, only n single componont was detected on the chirowa-
bogYesi. his component was 2 reducing hoxese with an Rg
value af l.Ul. Autbontic mennesae, mannitel amdl gelzciogs
had gz values of 1.18, 9.91 and 0.86, respectively, ou the
agime chrocatogras.

The detection powvers of the oxanilic aclid reazent forx

reducing hexoges were checked using glucose and manuose.
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vYarious amounts ¢f solutions of thess two augars were
gpread over 7 square cm. areas on Yhatwan nwaber 1 paper.
The paper was dried aml then troated with the oxanilic aecid
reazent as deseribed in the metliods gection. Under ultra-
vielet light, one microgram of cither sugar was readily
detected by its yellow [luorescence. in the same manner
it was found using mannitol that £ microgramus was the
smaliest gusntity wilch could be detectad with the lesd

tetraacetate-rosaniline reagent. Tha gquantity of acid

+

aydroelysats spotted va the chromatogras was equlivelent ko
0.05 mze. of the ordginal polysaccharide. Since enly one
componsnt was detectad on the chromntogram, any other
reducing hoxeses or nou-reduciig carbohydrates that wmight
fiave been present vould have heen less than 2 er 4 per cent
by weight, respectively, of the unhydrolysed puelysaccharide.
Therefore, within the limits of detection, polysuaccharide 1
was composed aolely of glucocse.

“hon & chromatograw ¢f n partial hydrolysate of
polysaceharide 1 wes spyayed with the oxanilic acid yronpgent
to deotect reducing gugars, a series of reducing silgo-
saccharides sere revealsd. & straight~iine slot wes obtained

when log {‘gﬁf} {the Bm value} was plotted against the

predicted degree of polymerisation. Therofore ihaese
sligzosaccharides were probably all members 27 & homovlogous

soricvs (French and Wild 1953}.



109.

A component with su Rg of 0.46 had been detected in
a partial hydroliysate of the Fraction ¢ material prepared
from (Ochromonas cellsl(Chagtar L}, It was suggested that
this component was not a member of the homologous series
of cligosaccharides that were also detected in this partial
hydrolysate. This component could not be detected in the

partial hydrolysate oI polysaccharide 1.

A chrowantogran of

an acld hydrolysats of polyvsaccharids 2 was oexanined and
found to have only one component and this component was a
reducing hexose with an Hg velue of 1.00. Since the amount
of hydroiysate spotted on the chromatogram was cguivalent

to $.055 mge of unhydrolvsed polysaccharide then, within

the same limits of detectiom established Jor polysaccharide ),
polysacecharide 2 appeared to Le compused sclely of glucose
residues.

& partial hydrolysate of polysaccharide 2 yvielded a
sexies of oligoswvccharides. %hen these oligosaceharides
were soparated by paper chromatography they were found te
bave Hg values which were idemtieal to the kg values of
the oligosaccharides obtained from poelysaccharde 1. Tho
itg ©.46 component, which was presont in the partial hydroly-
sate of the Fraction ¢ material, could hot be detected in
the partial aydrolysate of polysaccharide 2. Since this

RE Ge40 cumponent could not Le detected in the partial
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hydrolysates of both polysaccirides 1 and 2, it was
apparent that the Rg O.46 component was an impurity which
was separated from the twe glucose polymers by column
elution of the polysaccharide-borate~hexadecyl pyridinium
complexas,

Paper slectrophoresis of the acid hydrolysate of
polysaccharide 2 revealed a single component with an Nz
value of 0.22. srsenite bulfer pi ¥.0 was used as the
slectrolyte and mannose, manaunitel, galactose, glucose and
glycerol had Mr values of G«d%, 1415, Ged5, 0,21 and G.32
reapectively. Thus glucose was the oculy component that
could be detected in an aclid hydrolysate of polysaccharide 2.

Analysis of @ neutrulised acid hydrolysate of
polyssechuride & yieldsd the followlug walues with standard
deviations from éampiau of egual velume econtaining the

squivalent of 55.0 pierograms of the original poiysaccharide:

-+

Total zarbohydrate 52.2 = 1.7 micrograms {4 determinations)

Total hexose B .0 = 1,8 i 2 "

redueing value )
{zlucose standard) 58.%

i+

1.9 i L L

sn the basis of the total hexose preseni, % per sont
of the polysaccharide was accounted for as glucose since
5%«6 mierogroms of polysaccharide theoretically would yield
after hydrolysis $1.7 micrograms of giucose,

Phe nmount of hexose was well eqguated by the smount of
i
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reducing sugar, measured as glucose. If sther hoxoses,

in addition to gluceose, were present in polysaccharide 2,
then it would bhe szxpected that these two values would

have been different, since different hexosca gzive different
colour yields in the hexose determination and different
hexoses differ in their reducing powers. It was difficult
te explein why the total sarbohydrate value was less than

tlie other twoe values.

Enmymic liydrolysis of pelysasccharide 1. Folysaccharide i

was treated with an exohydrelytic beta~ii=~i,j-~glucananse.

Yhen a ehromatogram of the products of this reaction was
examined, three components could be detected. Twe of these
components, with Rg values of 1.00 and 0,11, nroduced the
yellow fluorescence characteristic «f reducing hexeseos when
the chroustogron was treated with oxanilic acid amd examined
under an usltravielet light. The third component could only
be detected with the lead tetraacetate-rosaniline reagent.
This third component, vhich hed an g of (.01 was shown to
be the citrate that was used toe buffer the reaction mixturs.
¥hen the Hg C.01 material was examined Ly paper chromato-
graphy with the solvent mixture butan-leol-ascetic acid-watex
{110:30:75 by volume}, it haed an af value of G. L1, Citrie
acid and glucose had A values of 0.42 and 0.33, respectively,
on the sanme chromatogram. 7The Rg $.U01 suterial was acid to

brosicresol green.
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As judged by the intensity eof colour pgenerated with
the lead tetraacetate-rosaniline reazent, it vas sstimated
that there was approximately 2 parts of slucose to one

part of the Rg 0.1 material in the reaction mixture.

Enzymic hydroliysis of polysaccharide 2. vWhen the products

of the reaction between pelysaccharide 2 snd the exobydrolsy-
tic beta-i~1,j-zlucanase were exanined by paper ciwomato-
graphy, thoy were found to be the same as the products

from solysaccharide 1. iowvever, the xelative guantities of
the products from polysaccharide 2 were different from the
relative amounts obtuimned from pulysaccharide 1. Yor
polysaecharido 2, the intensity of the colour generuted by
#lucese with the lead tetraascetato-roaniline roagent was
saveorsl times the intensity of the eolour preduced by the
Rg U411 matorinl.

%ince polysncchuride 2 was available in larger
guentities than polysaecharide 1, it was possible to iselate
the #g 0.11 saterial produced by the action of the exo-
¢lucanase on polysaccharide 2. The Rg 9,11 matoerial was
troated with two enzymes, bheta~;lucosidass and an
endohydrolytic beta-lm1,J-glucanase, vhen the products of
the remction with the beta-glucosidass were examined by
puper chvomatography, only a trace of glucose and 2 7On=
reducing componont with z g of G.56 could be detected on

the chromatogran in addition to the g 0,13 material.
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The beta-gluccsidase completely hydrolysed polysaccharide 2
and cellobiose te produce only glucose, while & suall
amount of glucose was liberated from maltose. The
endo~plucanase was equally without effect on the iig G.11
material; yet wuxier the same conditions this enzyme
hydrolysed poulysaccharide 2 to jlucose and a small quantity

of a disaccharide.

Partial enzymic hydrolysis of polysaccharide 2, When

polysaccharide 2 was treated with an endohydrolytic
boata~i=1,d=glucanase a series of olipusaccharides and
glucose were produced. These products were separsnted by
papoer chromatogrpahyy with the solvent wixture propanol-
water-ethyl acetate (Filgure 6). tiowever, the
endogiucanase preparation contoined a small amount of anm
cligzosaccharidase, so that the di~ and tri-saccharides,
wirich were the products of the endo~jlucannse activity
(lisese and Handeis 1959), were being siowly degraded teo
slucose. Since the purpose of the experiment was to
procduce sufficlent disaccharide for a structural analysis
it was nocessary te choose 2 time of reaction between the
endoglucanase and polysaccharide 2 when the maximun anount
of disaccharide was present.

The cligosaccharides produced by the action of the
endoglucanase on polysaccharide £ were separated Ly calumn

ehromatography. The componenis of the oligosaccharide
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mixture that were eluted from the celite~charcoal coelumn
are shown in Fiyure %. From the 20 ug. of polysaccharide 2
that vere treated with ithe sundo-glucanase, a total of 13.25
mg. were recovered in ihe three peaks sluted from the
colunm; $e9 fge in penk T, 7.2 mg. in peak 2 and 4.15 mge
in peak 3.

When the hexvse~containing materials in peaks 1, 2 and
3 were erxaminced by paper chromutography with the solvent
propancl-water-ethyl acetate, cne gomporiont was detected
for each ponk and these had Rg values of 1,00, U.58 snd 0,30
reospectively. glucose and the twe oligosaccharides with
the greatest wobllity in & partial acid hydrolysate of
polysaccharide 2 had Rg values of 1.00, 0.56 and (.28 on
the same chyomatogram. vhen the materials in peaks 1, 2
and 3 were oxamined by paper electreophorosis with borate as
electrolyte, one reducing-component was dotocted for cach
peak and these had Hg values {mobility relative te the
mobility of glucose) of 1.00, 0.70 and $.64 respectiveiy.
¥hen the elecirophoresis pepers were passed thryough the
hetigraph 2 radicactive paper-sirip scanner only & single
band 0f radicactivity was detected for sack component and
this band had an Mg value identical to the Mg value of the
reducing component in the material frowm saclh peak, The Mg
values of the three components with the greatest mobiiity
iin & partial scid hydrolysate of poiysaccharide £ were 1.00,

0.71 and 0.84 on the sawe clecirephoresis paper.
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Cellobivse and maltose had Mg values of 0,37 and G.42,
respectively, also on the same ¢lectrophoresis paper.
Therefore the {irst three peaks i hexose-containing
material separatod on the colunn were respectively :
glucose and the di- and tri-saccharides produced by acid

hydrolysis of polysaccharide 2.

snalyais of & disaccharids. The disaccharide, which had

been cluted from the celite~charcoal columun, was anulysed
for total hexose amd reducing value. 4in amount of 1.90 mg.
of this disaccharide gave the following values with stand-

ard devistions:

0.008 {4 determinations)

i

Total hexose 1.074%

133

fedueing value 0,774
{ glucosae stand-
ard)

0.012 { " }

In theery 1 gn. of disaccharide weuld be eguivalent teo
1.052 gmes of glucose when the disaccharide was assayed for
total hexose, since 1 moele of disaccharide egqual to
342.3 gme would yield after hydrolysis 2 woles of glucose
equal to 360 pm,.  Thus the experimental value for the
total hexose in the disaccheride was slightly higheyr than
the theoretical value, but this differonce was probably
within the limits of experimental error.

Tt might be expected that » reducing disaccharide

couposed of the one sugar would have half the reducing
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power of the two monosaccharide residues. The
disaccharide sbiained from polysaccharide 2 had more

than half the reducing power of the equivalent weight

of slucosc. This shservation probably was explained by
the fact that the lowest membeé of a polywmeric seriss of
sugars, with the properties characteristic of that series,
was the disaccharide and not the monosaccharide (vhelan,
Bailey and Roberts 1953). The molar ratio of the reducing
power of maltose to glucose was 1:0.927, wvhile the ratio
for maltoso to maltotriose and highoer homclogues was 1:1.
The reducing power of sugars was not stoichiometric with
respect to the aldehydic fuuction, but it was influenced
by the spatial arrangement of hydroxyl groups around the
aldehydic group.

Perlin (1955) reported that vhen reducing hexoso
disaccharides were oxidized with lead tetraacetate, the
amounts of formie acid and forsaldehyde produced and the
type of oxidised disaccharide were characteristic of the
1ink between the two hoxose residues. Thus 1:2, 133, 1:4
amd 1:6-1linked hexose disaccharides yilelded three carbon
dialdehyde, pentose, tetrose and unstable three carbon
wonocaldehyde derivatives, respectively, vhen these
disaccharides were oxidized with lead tetraacetate, When
the disaccharide eluted from the celite-charcosl column was
oxidized with lead tetraacetate and the reaction wixture

was assayed for pentose with the orcinol reagent, 1.14 moles
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of pentose were found pery nole «f dissecharide oxidized,
This value was higher than the ftheorectical yileld of

1052 moles of pentose that wight have been sxpected.
However the products of Jlead tetraacetate oxidation of
hoxose disaccharides are thought to be Lformyl easters
(#eriin 1955) and it was not known if the formyl ester of
2 pentose would give the same colour yield zs o free
pentose in the ercinol reaction. The product of lend
tetraacetate oxidation ¢f the disacchuride was Lydrolysed
and the hydrolysate was examined by poper clhiromatograshy
with the solvent ethyl acetate-pyridine-water. Three
radionctive aresas were detected on the chromstogram and
these had Rg values of 1,36, .00 and $.69. The proportions
uf the total radioactivity in these three components were
De73: 1.00y 0,35, respectively. suthentie saravinoes¢e had
an g of 1.36 on the same chromatogram. The identities of
the Ry 1.36 and 1.00 cowponents were establlshed by
go-chromo tography and radiocautography with suthentic
arabincase and glucose emploving water saturated pliensl as
golvent. The shaps of the spots detected on the chromato-
grum with the exanilic scid reagent was identical with

the shape of the areas of radivactivity detected Ly the
radiocautographi. Purthernore, the Xg 1.36 cowpevent showed
the red-brown fluorescence chwracierlstic of aldopentoses,
and the Hg 1.00 component showed a yellow Tluorcscence,

characteristic of aldohexoses, when the chromatogram was
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treated with sxanilic scid 2nrd viewed under ultraviolet
light. 7The third radlesctive component with an Rg of G.00
could not be detected with oxamilie acid. 7This component
may have been a raesidua of the formyl sster sf the hexo-
pentosc disaccharide, which was produced by the lead
tetraacetate oxidation and was not hydrolysed to pentose
and hexose [Perlin 1955).

rerlin (1955) showed that lead tetraasgetate cleave:d
the reducing hexose of n %;3~linked disaccharide at the
1s2=nomiacetnl glyecol to produce a pentose derivative.
When the reducing hexose was glucose ths product of
oxidation was & derivative of axabinose. Thereforc these
resulis ahiow that the disaccharide member of the houolopgous
sories of sligosaccharides obtained from polysuccharide 2,

was a beta=1,3-linked glucose disaccharida.

Discussion.

seidic polysaccharides have bheen precipitated
gquantlitatively frowazusounsg solution Ly the addition of
paraffin chain quaternery amsonium salts {Terayama 1955,
Scott 1955). Heutral polysaccharides were unot precipitated
by the ouaternary salts ia neutral solution. Yhen neutral
polysaccharides were converted te polyanions, by femming a
vorate complex, precipitation could he bwrought sbout {Barker,
Stacey snd Zweifel 1957, Palmstierna, 5cott and Gardell 1957).

Selective precipitation ol neutral pelysaccharides in the
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presence of borate was uchieved by ceantrolling the pH of
the reaction {Barker et al. 1957). However, the cuwplete
separation ef a mizture of uncutral polysaseccharides by this
tecinique was only possible where the constituent poly-~
saccharides could be precipitsied at 3l values differing
by more than 1.0 &e 1.5 unlts.

soidle polysaccharide mixtures have been separated by
preciplitating the hezsdecyl pyridinium zoamplexss on o
cellinlose column and then oxtracting the complexes from the
eclumn with a salt gradient {intowmcpeulea et al. 1961},
Reratoaulphate has & low clharge density aund it <¢id not form
an iasoluble cemplex with guatoernary samonium szlts. Zcott
{1960} suggested that keratosulphale wmight be precipitated
&% & borate complex on a c¢eliuiose column sand then the
column e¢ould e gxtracted with & salt gradiemnt to effect
puritication i’ this compound,

In the present investigstion a neniral pelysaecharide
mixture was precipitated on a cellulose column with hexadecyl
wyridinive bromide in the pregsence of boraste and the column
vas extracted with & gradient of graduslly decrsasing pH.
The use of & quaternary nitrogen compound with a
characteristic and sitnong sbsorption wmaximum in the wuiira-
violet region greatiy facilitated tlie detecticn of separated
components in the golusn effluent. Iif l-hexadecyl pyridinium
chloride {critical solution temperature 220} had been availe

alble and it was used instead of the bdromide, then many of
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the difficulties assoclated with keeping the cuntants of
the azlution apparatue above 350 would have becn avoided.

the technique resorted here may be of some use in
effecting sevaration of clesely related water-soluble
neutral polysaccharides. The two polysaccharides that were
separated during the present investijation both appeared
to be essentially beta~1,J-linked glucosides. During an
examination of the properties of these two polysacchmrides
the only difference noted was in tho extent «f hydrolysis
catalysed by an exohydrolytic beta-I=1,lJ-gzlucanase. The two
polysaccharides were blologically different; polysaccharides
1 and £ which bad boen prepared frow oolis that had Leaexn
made radiowctive by Methou 1, bhad specific radivactivitios
of 10,2 and 13,2 willimicrocuries por wg. respectively.

Arehibaid et al. {1958} isolated a polysacchavride
material from Ochromonas snlhamensis amd purified it by
fractional precipitation with hexadecyl trimethylammoniwn
bromide in the presence of borate and fractionul precipita-
tion with acetone., However, it was noi evident {rou thelr
report whothoer they were aware of wmore than one component
in their rilial polysaccharide preparation. If thelr prapara-
tion &till contained the iwoe closely related polysaccharides
reporied in this wori, then their figure for the degree of
polymerisation, which was Jdeternined by pericdate oxidation,
wmay have to be wmodified,

The polysaccharide isolated by Arehibald et =l. {1958)
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contained approximately 10 per cent of a sugar wvhich was
tentatively identified as mamnose. 7The two polysaeccharides
obxtained during the present investlgation appeared to have
iess than 2 per zent of any reducing sugar other than
glucése. Goldstein Smith and Unrau (1959) found thas
seaweed lamiunrin was heterogeneous; some of the beta-1,
J-liinked gluceside chains were terminated by mommitol
residues. Annan, Hirst and Hanners (1962) estimated that
the wmannitol content was < per vent ami they concluded that
5 per cent of the polymey chaing were torminated by manaitol
and the rest of the echains ended with 2 reducing glucose
residue. Huch a small content of mannitol would not have
boen detectsd by the methods enployed €0 examine the
polysaccharides sbtained during the present Iinvestigation.

srchibald et al. (1958) reported that the polysaccharide
isolated form Cchromonas was siouvly degraded by an exohydra-
lytic beta-i~1,3-zlucannse;: in one experiment ¥ per eent of
the polysaccharide wuas converted to glucose. ilthough no
sieasurenents were made, it appeared frowm the chromatograms
of the reaction products that more Lian % per cent uf the
two polysaccharides isolated during this work were converted
it zlucose by the exo-glucanase.

An interesting obseérvation was the inability of beta~
zlucosidase aml an endohydyrolytice beta-iwi,3-glucanasce to
degrade the residue left frow the action of the sxo~glucanase

on polysaccharide 2. "he beta~jglucosidase and the endo-glueanase
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readily degraded the complete polysaccharide 2 to glucose
and disscciizride respectively, without sroducing eny
resistant residue, Helson, ZGcalettl, Smith and Zirkwood
{1962} reported that the exohydrolytic beta~ji-1,3-glucanase
spoecifically eleaved the beta-glycosidic bond «f the pen-
ultimate 3-substitubed pyrancsyl residue starting =% the
non-veducing end of the laminerin polymer; thus relesasing
one gilucose uait at a time. The enzyme could pass single
residue branches linked bete-1,0~ to the beta~1,%-linked
glucose chain {Johnson, Eirkwoed, ¥isaki, welson, Sealetti
sad Bmith 1963}, but othervise appeared 6o be restricted
in its specifieity. Raulsin beta-glucosidase was found to
have rather a broad specificity; it could attack almost
all linkages to a beta-De-glucopyrancsyl residue and split
off slucose residues from the non-reducing end of the
polymer chain (tiottschalk 1950). However, shieldin: of
beta-iinks had boon noted in one or twe insiances so thet
the inability of beta-glucosidasce to degrnde a polysacelaride
did not mean the polysacchavide wes deveoid of beta-linked
residues. {Balley and Fridham 1962}. vithout further
infoeraation about the couwposition of the resistant residue
it was not possible tov resolve the apparent inconsistency
of the setion of bveta~glucosideae and the endo-slucanase on
this residue znd the goupleie polysaccharide 2.

in summary, jlucoese was shiown to be the sole product

of complete acid hydrolysis of polysacchbaride 2. PFartial
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enzgymic or ascid hydrolysis of polysaccharide 2 preduced
the same homologous series of sligosaccharides. The
£lucose residues of the disaccharide of this series vers
shown %o be Joined by u beta-1,3 gzlycosidic bond. It was

concluded that polysaccharide 2 wirvich was 2 substrate for

the endogenous reospiration of Gchromonas malhamensis, was
essontially a beta~1,) glucoside and ithis polymer was
simnilar to the pulysasccharide isolated from the same

organism by archibald et al. (1958).
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ADDERDUM to CHAPTER 6

Durin: the preparation ol the typescript of this
thesis a report came to aotice concerning the structure of

the reserve polysaccharide of Cchrowoias malhasensis

{ irchlbald, Cunningham, Manners, 3tark and nyiey 1663 ;.
The authors of this recort -biaived a grude polysaccharide
iroem & water extract of the organism by precipitation with
ethanol and treatment with hexadecyl irimethylammoniun
bromide. The crude preparetion was irsctionally
precipitated with acetouen and a polysaccharide was
obtnined vwiileh was fowd to be composed of Leta=1,j-linked
Depiucose residues. ¥From the mmount of forwaldehyde
produced during periodsie oxidation of this poliysaccharide
the degree of polymerisation was estimoated o be
apvroxinately 4. A suall guantity of Toruic acid was
alas produced dusing periecdate axidetion indicating thod
there ware either three non-reducing end grouss or twe
intersal 1,0-3lucesidie liukages per molecule. aAdditional
ovidence sup ested that the foruwic ncid production was ilue
ta the presence ¢f non-reducing end groups implying that
there were iwo Lranch points per mulecule.

rranching of the Cchromonas reserve polvsaccharide

couls explain wizy it was not complotely hydroiysed Lo slucose

by un exuv-hydrolytic beta-i=i,3-;lucanuse {cna@ter 6le This



the glucesidic bond of a J-substituted pyrancsyi residue
lecaéed one residue removed from the non-reducins ead of

a ehein (Nelson, Scaletti, Sawith and Uirkwood 196%a 3 this
report also appeared durinyg the typineg of this thesis and
was o full account ©f' u study previousiy published in
absiract fors "elson, Scaletti, Smith and Lirkweod 16613L) .
Therefore hydrolysis of &« pelysaccharide chain would cease
when o branch point was reached. ¥When all the polvsaccharide
chains had been hydrolysed as far as the uranch point & limit
polysaccharide would e produced which wes resistant so any
further activity of the enzyme. These additional facts
axplain the production of & resistant residue frowm the

fdehromonas reserve polysaccharide. However there was still

ne 2xplanation why this resistant residus was also resistant
to the setion of & heta-glucesldase and an endo-hydrolvtic
deta~li=1,J-glucanase while these ive enzymes readily
dugraded the complate polvsaccharide o pouncsascharide an

disaccharide products.
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DISCUSETION.

Tsotopic teclhnigues for sssessing endogenous respira-
tion during the respiration of exogenous subsitrates were
mentioned in Chapter 1. it was suggested that theso
same techniques could be used to recognize endogenous
reserve materials auong the constituents of radicaciive
cells during emiogenous respiration. Cells in wiiich all
of the constituents had ihe sawo specific radicactivity
wore thoupht %0 hbe & prevegulsite for this type oi experiment.
Ideally the organism should e grown {rouw a swall inoculuss
in & modium supplying a wnilormly (gﬁc} labelled substrate
as the sole source of carbon in order to obtain uwmiformly
radioactive cells. The conatituents of cells whieh bhad
been grown under these comlitlions would ull have the same
specific radiosctivity (radicactivity per atom of carbon).

lovever, it is not always possible to grow cells under
such conditions; for example some srganisms require more
than one carbon substrate foxr growth. Jehromonas bas an
sbsolute requiresmient for either a sugar or giycerol and a
member of ihe tricarboxylie acid eyeie (ilutner, Provascli
and Filfus 1953). VSurthermore, growth is far frow sptimal

snless amino~-acids such as histidine, methionine, glutamic
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acid and arginine are also included in the wmedium. Also
it has not been establisbed whether carbon dioxide mny be
a source uf carion for the dark-grown organism, Thug it
was not practicable to grovw (chromonas with & uniformly
labelled carbon source. 48 a compromise the organism was
grown frow a small inoculum in & wedium containing (*haﬁ}
zlucose vhere the glucose was & major source of carbon.

Yhere it is noit poseible to zrow the cells in a
medium in which all the carbon sgubstrates are geuerally
lnbelled amd of thoe saue specifice radicactivity, then the
constituents of these cells may have quite different
speeific radioactivities. 11 may happen that the endogenous
regerve saterial of such cells is not, or is oaly slightly
labeiled se fhet it will ot bo detected by the itype of
experimont envisaged abhove.

Assuming for the moment that all ¢l the endogenocus
regserve materials of nov-unifornly radicactlve celis are
extensively labelled, there arc several possihilities which
must be oxanined before mny firwm zonclusions can be drawn
from the results obtained with these cells. Since the cells
are aerobic it is only nscessary to consider the situation
where the carbon of the éndogenous roserve uaatorial is
compiotely ozidized to carbon dioxide. This may be

resresented by the egquation:
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Reserve material P A = 1 - (4 P carbon dioxide.

4, B and ¢ represent intermediates in the pathway of break-
down of the reserve material to carbon dioxide. D
ropresents a compound in equilibrium with the intermediate
B. The reaction B z © i3 a side reaction not in
the main pathway of breakdown of the resexrve material.
Since the reserve material is being completely oxidized to
carbon dioxide, there is no net transfer of carbon betwean
B and D, although there may be a considerasble exchange of
carbon between these two compoundis. UOnly the concentrations
of the initial substrate and the ultimate product of this
pathwvay will change.

If all the gonstituents of the cells have the same
specific raﬁiuaetiudty,.that is the cells are unifornly
radioactive, then only the total radioactivity of the
reserve material and the carbon dioxide will alter during
endogenous respiration in the absence of exoyenous
substrates. The endogenous reserve material is easily
reco;nized under these conditions.

If compound D has a lower specific radiocactivity
than the intermediates of the direct pathway, that is the
cells are not uniformly radio-active, then, as a result

of the exchange reaction between B and , the total radio-
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activity of D will inmcrease until D has the same specific
redloactivity &s . From measurements of the total
ragioactivity of the cell constituents it will appear
that the reserve materizl was catabolised to twe end
products, curbon dioxide and 's This was proboably the
situation that was cbserved during emndogenous respiration
of Hcluomonas cells which had been isotopicaliy labelled
by oxidative assimilatien of izaﬁé) glucose (Hethoc 1,
Chapter J). vhen these cells were respiring endogenously,
the radiomctivity disappearing frow the polysaecharide
{Fraction C) appeared in Fraction 4 and the carbon dioxide
liberated &y the cells {(Chapter %). » transfer of
radicactivity inte Fraction & was anet obserwved during the
endogenonus regpiration of cells which had boeen wade
radiouactive by growtn en anﬁéj glucose {Chapter 3, Method
Z)e Apparently the usterial in fraction &4 of the Method 1
celis wvas not in isolopic eguilibriuvm with the intermediantes
in the pathway of oxidation of the polysaccharide.
Alternatively, the specifliec radicasctivity of compound
D may be greaster than the specific radiocactivity of the
true reserve material. Hecause of the equilibrim batween
B and 3, compound I} will lose radioactivity umtil it has
the same specific radicactivity as 3. In this case it will
appear that there are wo endogenvus reserve matoerials
being oxidized to garbon dioxilde.

Ay organism may possess twoe emdogenous resorve mnterials
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which are utilised simultaneously c.g. Sarcina lutea

{(hewes and llolws 1958). Ysing non-uniformly radiocactive
cells it will not bs poussible to decide from the moasure-
ment of the total radiocactivities of tho cell cunstituents
during endogenous respiration whether there are twe genuine
reserve materisis or whether there is 4 situation similar
to that mentioned in the previous paragrapii. These
possibilitles may be distingulshed by deterwining the
specific radicvactivities {radiocactivity per unit weipht is
sufficient for this purpose} as woll as the total
radiocactivities «f ithe cell constituents and ef the carbon
dioxide relieased. The specific radicvactivity of & genuine
reserve material will remain constant during endegonous
respiration, vhiie the specific radlosctivity of a gompound
like D will change until it sequires the same specific
radiocactivity as the compound with vhichk 1t is in
equilibriws. At the same time the specific rudicaciivity
0f the carbon dioxide will alter; Af the specific
radivectivity of ¥ inoreanses then that of the carbon
dioxide will decrease and vice versa.

The foregoing is & siumple illustration ef the situations
wirieh may occur using non-uniformly radicactive cells. In
fact the situation may be guite couplicated, 2.4+« there may
e wore than a single compouwki sueiz as U and these compowkis

may be in eguilibrium with the direet pathway of breakdown
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at points between reactions yielding carbon dioxide.
Therefore it is advisable o use cells which are uaiformly
radioactive or only slightly removed frowm this condition.

Althousgh it was not possible to grow Oehromonas under

zonditions that would have ensured that the cells were
uniformly radicactive, it was apparent {Chapter 5} that
the constituents of the radioactive cells which could be
obtained did have almost the same specific radivcactivities
{radicactivity per atom of carbon}. Therefore the
situaiions Just discussed did not have t¢ be considered

whren the cell coustituents of jchromonas were heing examined

for the substraie of endegenocus respiration,

Using the isotopis jechnigues discussed previously it
was establishod that a water-soiuble poelysececharide was -the
substrate of endogenous resplration ian ﬁghroﬁonné {Chapter
5}e Subseguenily @h@ polysaccharide was shown to consist
of two geparate beta-1,3-linked glucosides (Chapter G).
These two polysaccharides appeuared te b bilologicaily
differentinted sinece they had differsnt specific
radioactivities when they were isolated from cells vhiebh
had been made radliosctive by vxidative assmilation of
€1aﬂ6} glucose. It was not known whether the twe wore
differentiated during the breakdown of the pui?aacch&riﬁa
reseyrves in endogenous respiration. These two polysaccharides
may have a precedent in the two g lycogen pools which were

shoun fo be the substrates of aerobic sndogenous respiration



in yeast {(Haton 196y, 1961 . During endogencus respiration

of yeast omne of these glycogen pooels was vaplidly

metabolized while the other lycogen was oenly siowly

wgtabolized. The rapidly wmetebolized siveogen was found

to net alsc as a substrate for endogenous fermentabtion but

the other glycogen was not e subsirate under these conditicas.
Reazin (193%6) lnvestiguted the pathways of aerobie

breaidown of glucess in (chrowmonss. Vhen the organism

. ., Y
'05 slucose or (Jdw-

metabolized (1~ ¢) «lucose in the
presence of arsenite the isotope was found to be present
in the wethyl or carbonyl carbon atoms, respectively, of
Ehe yravats whilch accumulated under thess conditions.

e o eh £ o PP 1 TR ;
Fartbermere, when the cells oxddized {1- '¢) slucese and

o \:4 ' P 5 . & & ™ & I
(6-""C} slucose the ratic of the per cent sf isotope in
the ¢arbon dlexide libersted by the cells from the twe types
ol glucvse was alvays approximately 1.0. The imttey

fludings were vonfirvmed by Ka

arsd Kandler (1962).

&

Therefore it appeared that Ochircmonas oxidlwed glucose

wxclusively by way of the !mbden-Yeyerbaf Daihivny .
Presusably the sawe pathway was used by denromonas for the

s

treakdown ol the reserve pelysacchoeride during endesenous
respiration. There have Leen ne reporis comcernins the
mechanisas of terminal oxidation of the products of the

fmbden-Heyerhofl peathway iu Ochrowmonas.

vhen a polysaccharide was comupletely metabolized by

an orgunise 80 that carbon dioxide was the seole finsl product
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then this orgenism would be expected to have a respiratory
guotient of 1.00. During the initial ten hours of

endezenous respiration it was found with unifermly radioactive
Ochromonas cells that the guantity of (ﬁkﬁ} carbon dioxide

[}
1“&} that had been

liberated was equal to the amocunt of (
lost from the intraceliular pelyssecharide (Chmpter 5).
Therefore it wight have been sapected thut the R,u.
deteruined during these ton hours would be equsl to 1,00,
Contrary to espectation, Heazin (1954) using the Warburg

direet method feund that during endogonous respivetion

Dehromeiums had o ReGe of Jebe During tha preseat
iuvestigation Uchrouonas was found £o have a H.0. of J.86
measured in on atmosphere of 1.% por cent carbon dioxide
in air. However the vate 9f endogenous vespiration was
found 4o be dependont on the prosence of carbon dioxide in
the atmosphere. in the sbsence of carbon dloxide Go, was
21 while in the presence of 1.3 per cent carbon dioxide
Ho, was th. Therefore 2.(. deternined by one ar the other
method might have beon invalid, or both values were invalid,
because the rate of respiration in the Wurburg flask with
potassiua hydroxide or carbon dioxide-~buffer in the centre
well was not the same ss the rate of respiration in the
flask with alr. Vhichever value was correet Loth were less
than the theoretical value of 1.0.

Carvon dioxide or the bicarbonate ion may be directly

responsible fer countrolling the respiration rate, but it is
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more likely that the effect is weoediated Ly some compound

fermed from carbon diocxide. gelhiromonas ¢ells gansniot itake

up caruon dioxide in a flasik with potassium hydroxide in

the cenire well; sny change in voiume is due to the

exchanze of exygen. In a Yarburg flask with carbon

dioxide-buffer in the centre weil the cells ecan incorporate

carbon dioxide, but the net change in volume is again solely

due to eschange of exygen siuce any carbon dloxide taken

up or generated by ithe cells is repiaced or absorbed by the

carbon dieoxids buffer. The net change of carbon dioxide

that eccurs in a flask withoul these centre welill additions

may net be egual to the volume of garbon dioxide gencerated

by the cells ir the celis zre taking up carbon dioxide at

the same fiwme. Under these conditions where the wmeasurements

are wmade in n closod syston any Tixstion of carbon dioxide

by the cells will cause a reduction in the value of the R.Q.
A8 it was fowwl thet duriug endogenous respirvation of

Schromonas H,.0. was less than 1.0 while 1t was expecteod that

this velue might be egqual to 1.7, then the difference could

be due 1o & fixation ¢f carbon dioxide during endogzonous

respiration.
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Chapter 8.

THCORPORATION OF CARBON DIOXIDE 3Y QUHHOMONAS MALIAMENSIS
, T e O

WHICH HMAD BEEE GROWN FF THD DARK.

It was shown in the previous chapiers that a
polysaccharide was the substrate for the endegencus

respiration of (chrowonas wiileh Lad been grown in the dark.

arbon dioxide was the sole product of the gatabolism of
thig pelysaceharide during endogenouws vespiration. It
aight be expected from these results that Ochromonas would
have & ReU. 98 1.00, houever the R.d. was in faet less than
1.0, Tf wvas sugrosted that these apparently contradictory
Ffacts might be reconeiled il the organiss incorporated
carbon dioxide éuring snGogenous respiration.

Heterotrophic carbon dioxide fixetion in the presence
of exogonous organic saerbon ise well sosteblisbied for
micro-orzanisns (reviewed by %ood and Htjeruholm 1962).
it is pot so well éecc&ni%&d that heterotrophic carbon
dioxide fixation may occur in the absence of exogenous
cerbon spurces. An exasple ol the latter Eype of

fizztion has been obscrved with ischerichia coli

o

{waimatiarna 19861; this orgenism was fourl to incorporate
th _ X
{Eiﬁi carbor dioxide into an alkali-stable polvglucose

reserve material in the absence of any external carbon or
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nitrogen sources.

The results presented in this chapter showed that a

washed suspension of Jichyomonas cells was able to incorporate
garion dioxide. The quesiion remained, what role did carbon
dioxide fixation play in endosenous respiration of

Gehromonas ? Iin an atteapt te answer this suestien the
pathwiys by which the organism might incorporate sarion

dioxide were sxomined.

Materials and Methoda.

fasieally the same groecedures as those devisod by
falvin and his colleagues {Zenson, Bassham, Calvin,
Gocdalu, Haus and Stepka 1950; were employed (6 sxzanine

the pathways of cuarbon dioxide incorporation in Uclhiromonas.

It was possible to disceru the first siable products of
carbon diloxide fixation by sxposiag the cells to {%hﬁ}w
bicarionate Por short intervais of time and then analvsiog
extracts of these cells by twoe~dimensional chromatography
wid redivautogzaphy.

. i PR L T ) -
incorporation of sodium { ¢ bicarvonste by intact cells.

A culture oi Jchromouas was grown or thiree days in

the dark ami the cells vere harvestoed and washed by
sentrifuging as Jdeseribed in Chapter #e« The packed cells
wers susponded in water. The cell suspension was diiuted

with water until a sanple whiclh was diluted one in ten with



135.

water had an extinction of 1.0 at a wavelength of 3580
millimicrons. Then 0.7 ml. of the cell suspension were
transferred to a 40 ml. filteringz cerucible with a grade 3
sintered zlass filter. The ceoell suspension was agitated
and aerated Ly a stream of air blown up throush the filter.
The suspension was gassed in this mzaner for 30 minutes

at room temperature (zﬁa} to allow the cells to consume
any 2xogencus organie cerbion sources whiich were not removed
by the washing procedure. Then O.& mi. of & solution
containing 200 mierocuries ami %9.54 micromoles of sodium
{iﬁcé bicarbonate was added rapidly to the cell suapeésion
with & syringe. At short intervals of time 1.0 =i. samples
of tho cell suspenslion were reucoved guickly with & syringe
and immediately sguirted inte centrifuge tubes centaining

4 ml, of 9% per cent ethenol at ?5@. when the ethanolie
susponsions had cooled to room temperature the vell material
wag separated into frections se deseribed lu Chapter 3

and these ractions were anssayed for radioactivity by the

methmls also deseribed iz thet chaptor.

Paper chromatogrunhy of Fraction 5 and estimation of the
radiosctivity of the separated components.

Fraction & was digsoived in G.,02% ml. of vater and the
soilution was applied as & spot approximately 7 m.me. in
diameter te the corner of a sheet of Whatman nuaber 1 paper

by means of a cepillary pipette. The chronziogrem was
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developed in two dimensions (see Chapter 3 for details).
Vater-saturated phenol was used as tlie solvent for develop-
went in the first direction {Consden, Gordon and Hartin
19h4Y. “henol (British Drug Houses, Lid., inalar grade)
was freshly distilled and immediately saturated with
deionized water. The solution was stored in an alr-tight,
orown ;lass bottle in the dark. %hen the solvent wis
propared and stored in this sanner it rensined colourless
ifor several months and did net produce darkened and

uneven frents widceh might bave interfered with the
developmoent in the second direction. ¥When the development
with phenol was complete the paper uwas dried in s fuse
hood at room temperature for 24 hours. The paper was
developed in the second direction at 90° to the direction
of the first development with the selvent butan-l-ol-acetic
acid-wateor (222: 57: 150 by voluwe)}. In both instances
development vaﬁ.haltéé when the solvent froat roached the
end of the paper.

Sinece it was necessary to eluie the individual
radicactive areas f{rom the chromatogram for the purpoese of
identification, the radicmctivities of the compounds in
these areas were assayed iu the sluates by the Licuid
geintillation technigue. ity mssaying the radiopetivity of
the components eluted {rom the cihwomatogram by the liguid

scintillation techunique, rather than assaying the
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radioactivity with an end-window Gelger-Muller ietector
while the compounds were £till on the chromatogram,

advantage was taken of the greater efficiency {more than
twonty-fold} of radioactive zssay possible with the former
method. The efficiency of the elution procedure was
checked as described further on zud the small losses incurred
during this procedure were not sufficiesnt tv preclude the
use of this technique.

Radioaective areas were located on the developed
chromateogran by radicautography (see Chapter Z ior details).
These areas were cut sut of the chromatogram and the material
was siluted from the papers using a technique asdapted from
that devised by javis, ubbe and Adums (1962). sheets of
Yhatman musier 1 paper vere thoroughly washed in delonised
vater amd dried. This paper was cut into rectaugular styips
wmeasuring 4 x 10 cm. and the strips were cut te & point
beginnitg 3 ome from one end. These strips, together with
the radicactive area cut out ¢if the chroantogras, were
wounted betwsen tweo glass sildes (5 x & em.) s0 that the
pointed end of’ the strip projected beyowi the edge of the
slides and the gut-out from the chromatogram was betweon
the slides. The siides wvere held btegethor by meons of two
rubber bands. Fhe slldes were held vertically, with the
pointed end of the strip uppermost, by sleots cut in the 1ic

a3

of & plastic box vhich wmeasured 5 x 7 1 2.5 inches, Uater
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Live comvoncnts fron raver chrgmabo ran

On the left of the nicture ie a plestic box with a slotted cover which holis
the clution units. JIrmeoiately to the rirht of the box i& ~n elu'ion unit
consisting of two oli aep with the cut-out fron the ehromtegrae ano the pointo.
piece of ¥hatmon puner 1 poper Detwesn therms  Four of thease olntion units s7e
chown 4n the plaetdc box roniy £ clublon, On the ri-ht of tho picturc 45 a
rock with wire cradluss One of the eparles is showe hel ing the twe glasr roin
with the triangular tir cut from a peintel plece ef paper hel. botween thom,

The tip of paper hangs Jown inte the mouth of a graducted tube standling balow

the erodles
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was poured into the box to = depth of approximntely .5 ome.
and the box was wplaced in the draught of a fume hood fer
15 hours {FPigure 10A}. 48 water evaporated from the pointed
end of the paper more water Ifrom inside the box passed un,
by capillary section, botwoeen the slides and the radioactive
material was eventually eluted into the tip of ihe paper.

After 15 hours the slides were vemoved fromx the box
and ithe pointed eand 2f the poper was clamped between two
zlass rods fastened at each end with o short seotion of
plastic tube. The rest of the paper strip was cut off and
discarded. The glass rods wore slung in a wire cradle so
thaet the point of the papor hung down inte the neck of a
sunll tube graduated at & volume of 0.5 ml, The material
concenitrated at the tip of the paper wes oluted inteo the
tube in 10 mivutes by applying 63 mi. of water dropwilse
between ithe zlassz rods, The velume of solution in the
tube was adjusted o 0.5 wml,. with water. Aligueols of' tids
solution were assayed for radioactivity by the liguid
gselntiliation technique. The remaining svilution wous
gvaporated to dryness in a vacuum desiccator over sodium
hydroxide.

T“he efficiency oif this method of elution was echecked

14

using {carboxy ‘hnzi succinic acid, { Ce) wlucose, {1&ﬂ}

: T )
aigal protein hydrolysate and i%‘ﬁ; fraction & obtained From

Gehromonas cells which were made radicactive by fixation
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of sodium (ﬁac} bicartenate for one hour. Aliquots of
solutions of these materials gontaining known amounts of
radiosctivity were appiled to circular papex discs 3 cm.

in diameter. Thesev dises were cut from dry Vhatman number 1
paper which had been developed previously with the
phienol~water amd butanol-zcetic acid-vater solvent mixtures.
The radicactive materials were eluted frem the paper discs
by the method desgeribed above and aliguots of the eluaies
wverc assayed f'er radicsctivity. The recoverias of
radiosctive material fros the paper dises were 102, 99, 92

and 95 per cent, respeciively.

Identification of radioactive compoumis separated from
Fracticn A.

The materials in the radloactive mreas located oa the
two-dimensional chromatograms were identified by paper
chrowatography snd elecirophoresis.

The solutions containing the radicactive components
from the two-dimensional chromatograns were dried and the
dry residues vere dissolved in Q.b25 nl. of watexr. These
solutions were spotted by means of & gapillary pipotto on
Vhatman t or Whstomesn 33 paper for chromatography ow
2lectrophioresis r«apue&ivoly-

IT the identity of ithe unknown coupocuiki was suspected,
then the suthentic compoumd was spotted with the uvuknown.

In aidition a series sf suthentiec compounds, with which
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the unknown might be identified, were applied to the
erdgin line adjacent te the unknown. The chromateograms
wvere developed in one dimension. After development a

strip 1.5 inches in width was cut from the dry chromatogram
down the line &f development of the unknown compound. The
radioanctive area was loczted on this stirip usiag the
setigraph 2 radicactive paper-atrip scanner. The suthentic
compounds, whlch were chramaatogrephed adjecent to the strip,
‘ere deteoted with an appropriate dip or spray reagent,.

If the radiocactivity of the unkiown compound detected on
the strip had the sawe moebility as the authentic compound
detoctod on the adjacent portions of the chromstogras,

then & radicautograph was aade Frow the strip. The
idsntification ¢f the uwnknouwn compound was acceptad only
after it had been shown that there was exact coincidence
hotweon the shape and location of the area exposed or the
film and the area detected en the strip with a suiteble
roagont, followin; separate developments «n at least two
chromatograns with Jdifferent solvent systons.

In addition to the twe golvent mixtures used in the
eriginal tweedimensioncl anaiysis, the following solvent
mixtures wore used to identifly moest of the radlozctive
components detected on the twu-dimeﬂsionaz'chramatugrama.
4l1ll propertions guoted are by volume. 7The solvent sixtures

used for identifying amino acids were:
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ethanol-butan~l-ol-water-pgropionic acid (10:10:5:2},
ethancl~butan-i-ol-wvater-diicthyianine {10:10:5:2),

methanol~putan-l-ol-water {2:2:1} {lardy, Hecliland and
Yayler 1953),

methanol-water-pyridine (20G:5:1) (nedfield 1953) |,

For carboxylic acids the solvent mixtures employed were:

butan-i~ol-pyridine-scetic scid-water {90:1%:1:13)
{lloldsworth 1961),

butan=-i=ol-2 wethyl propan-i-elewater-20 per cent formic acid
($:2:3:1} upper phase {Ladd and mossal 1954,

sthanol-ammonia (8.4, ©.88)~ water {15:1:4) {Cheftel, Mumier
and Macheboeuf 1952},

Phosphiate esters were identified using the solvent asixtures:

2 ethoxy ethanol-pyridine-acetic acid-water {Bil:si:1}
containing .15 per cent {w/v) 8 hydroxy quinoline

(viuneckles and #rotkev 1959},

Aspartde and glutamnic acids were alsce identified by
paper clectrophoresis at 225 wvelts for 15 hours withh the
eloctrolyte pyridine~acotic scid-water {3:%5:192) uaing
ithe apparatus desceribed in Chopter H.

Awinoe acids were detected by dipping the papers in
0.25 per cent [w/v) ninhydrin {indane 1,2,%.~trione

hydrate) in acetene, The colours were allowed to devolop
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at goom temperature (Toennles and Kolb 1951). aar@@xyiie
acids were detected by spraying the clirvomantogzrams with a
solution of (.04 per cent {w/v! bromeresol green in
ethanol which had been made alkaline with a few drops of
ammonia {lLadd and Nossal 1954). Phosphate esters were
detected LYy sprayving the chromedosrams with s nixture of
60 per cent {w/v} perchiorie aecid, ¥N~-hydrochloric acid,

4 per cent amwonium molybéute, water (1:2:5:12 by voluwme).
The chromatosrams were dried in a draught ovem at 85° for
one pinute and then they were uxpoaed %0 ultraviolet lisut

for 15 minutes {Hondurski asd Axelred 1951).

Lesults,.
it was apparent fron the data asseabled in Table 10

that Schrowmonas was able {o incoerporate radlcactive esybon

dioxide during endosenous rospiration in the absence of
ROY eXOZencus carton sources. After the cells had been
exposed Lo {3hc) bicarvenste for 3 minutes Praction &
sontained 92 pey cent of the total radiornctivity ixed.
Frection 4 bad been shown to conteln mostly counpounds of
internmediary metabolism [Chapter %j}. fignificant smounts
of radiozetivity Dogan to appessy in the sther fractiens
after one minute. Fraction 3, which had begen shown te
consist almoat entirely of lipid, became radicactive to
enly a limited extent. Practions ¢ {(pulysaccharide! and

D (protein) incorporated more radlioactivity than Fractien B,
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Figure 11

Incornoration of radiosctivity into the constituents

of frsction A obtained from Uchroiionas cells after

zxposure of the cells to sodium(+4¢) Bicarbonate

for short periods of time.

Park-grown Qchrouons:s cells were suspended in water
10l eassed with air. Sodium(+4C) vicarbonate wa
added to the suspansion 2nd s:zmples were oulckly
removed and squirted into - umes or hot eth:anol.

Fraction A was drepsrszd frow the eiisapoiic suspensions
#nd then anslysed by two dimensionsal chromatogravshy

and radioautograpnhy. Radioactive areas on the
chrountogram were eluted and assayed for radio-
activity by the liquid acintillation technioue.
Subsezguently the radioactive components were

identitied by paper chromatography and electrophoresis.
The radioactivity assayed in each component was
expressed as a percentage of the total radiosctivity on
the chromatosran and this was plotted agaianst time.

C> Agspartate

Z& Yalate+ citrate
‘ Glutamate

& Alanine

EJ Other components.
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Radigactivity was being incorporated inte ithe material in
Fraction © at twice the rate it was helng incorporated inte
Praction C.

The componants #f Praction A were separated by two-
dimensional paper chromvtography ami the radioactive
compownds were located by radicautography. 4 typical
radiocautoesraph ©f the componentsz of ¥Fraction 4, which was

proparec from o sample of the Jelromonas soli suspension

taken 5 minutes after the addition of the (‘&53
vicarbenate, is shown in Flgure 108 and the identities of
the radioactive areas are indicated. The radiosctive
areas mere sinted {yom the chromatoepgrans aml assayed Tor
radivactivity. The distrivution of radiomctivity smeong
the components sgparsnted en the chromatograms is shown
in Tabkle il. The proportion of the total radiocactivity
on the ghromatozram that was present in csch compenoent was
plotted aguinst dime g the result is shown I Pigure 1i.
in the sarilest samples that werw taken afteyr the

!
addition of the {1

'} bicayrbopate sspertis seid clearly
was the major radloasctive compound in Fraction iA. In
addition te¢ aspertate, malate and citrate were the snly
othor radivactive compoumnis that ceuld be detected on the
chromatogrem of ¥Fractlen & prepared Irom the Lirst sample

{# sesondsl. In subsequent sauples radicectivity

progressively acciuwmuiated in glutamate and alanine.
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runarate, lactate, giutamine, piycine, serine and
neperagine vere identified amornyg a number of compounds
which bDecame radicacitive to oniy z limited extent and
appeared on ithe chromatograms i samples that were taken
after 10 seconds expesure t¢ ithe radicactive Licarbonate.
among the unidentified zadloactive materials and not Far
removed Irou the origin itlhere were a nuwaber «i couponents
which coentained phosphnte. PFrominent awonyg these phosphate
containing components, in sanpies taken asfter 46U seconds
expogure o the isdloasctive bicarboraste,; thore was o
compound wiiich was tentatively identified as uridine
diphosphate glucose., It waa'iatﬁrasﬁing te note that the
inerease in the radioactivity of this cospound coincided
with the increase of radiocsctivity in the polysaccharide
of Fraction ¢ (Table i0). Uridine diphosphsate-sugar
compourkiz have boen shown to sci as glyeosyl doners in the
blosynthesis of a mwmber of polymers such as glycogen,
cellulose, ¢hitin ete. (Hassid 19562), of particuiar
intoreat with vegurd to the preseut luvestigatieon Feingold,
“oufeld snd Hassid {1958) reporied ithat a soluble enzyme

«

preparation from the mung Yean {Phoseclus aureus! catalysed

the formation of o beta-i,j-linked polysaccharide from the

Zlucose unlts donated by uridine diphoaphite glucose.
Exosmination of Filgure 1l showed that a2t the cariiest

times of Tixation the curve plotisd for uspartate wae the

unly one with a nezative siope. Therefore it was concluded
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that aspartate was the primary stable groduct of the
fixation of €1&$§—bicarmunate by Ochromonas which had

baen grown #ixn the dark.

iscugsion.

Since there are no kmown enzyme systems that catalyse
the incorporation of carbon dioxide directly into aspartate
it was asaumad that oxaloacetic ascid was the primary fixation
product aznd that aspartate was produced from oxaloacetate by
a8 transamination rezction. Hscamse of its insitability
oxaloacetats would npﬁ be expected to he present on the
chromatogsrans. Hovever if sanloacetate was in ready
equilibrium with aspartate then the appearsnce uf radic-
activity in aspartate would reflect a fixation in
axaioacatate.

At the time that the mbave ¢xperiments were performed
tausz end Yendler (1962] publisbed a report concerning
heterotrophic carbon dioxide fixation by Gchromonas
malhomonsis. Thesoe aunthors followed heterstreophic carbon
dioznide fixation with cells which had beer grown for 5 days
in the light. Their sapsriments were conducted in o
darkened “lollipop®. in contraat to the results of the
expeoriments reported in the present investigation these
authors foumi that malic scid was the major radiocective

compound present in an ¢thanol extract of Uchromonas cells
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which had been asxposed o potassium (§&€} aicarconate for

15 secomds; aspartate only had half @s much radioactivity
as malate at this time. Furthermore, giutamic zeid 4id not
&ain more than 2.7 per cent of the ftotal wvadiocactivity pre-
gent in the sthvnol extracts st any time during the
experiment, These Jdifferences probubly were a reflection
2f the different past histories of the celils used in ihe

two investigations; Naouss sud Xandler used cells which had
been grown for 5 Jdays in the light wihile the ¢ells used in

the present work had been grown for J days in the duash.

Zoeseible wuohanisws for the ineorperntion of carbor dioxide

Juto axaloncetate.

& number of snzyms systems have been shown to catalyse
carboryiation renctions vhere vxaicacetate ia s produci.
Phosphopyruvete cerboxykinase {nucleoside triphosphate:
oxaioacetats cayboxy-iyuse, tronsearboxylating D.C. f.1.3.32)

an enzyme diseovered im avian liver by Uiter and Kurahashi

£195%) wes found to catalyse the roversible resction -

Phosphopyruvate ¢ (05 ¢ wmmmmePpe Gxaloacetate ¢+ Nucleoside
Fugleoside ni.iwmaz:ham“"—- triphosphate

Gendurski and Gredner (1953) doucpibed an ensyme which they

obtained fromn apinach loaves. This onzyme, orthophosphate:
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oxaloacetate carbexy-iyase, phopherylating (n.0.43131331),
catsiveed the irreversible foymation of oxaloaceiate

aecerding to the eguation:-
Phosphopyruvate & €6, — Oxaloacetate + iP

Another reasctieon invoiviag the carboexylation of
phesphopyruvate was ¢atelysed by pghospheprruvate carboxy
transphosphorylase {(8iu, Wood and Stjernholm i1961). This
resetion was found to be roversible and was sbown to

proceed mecording to the equation:~

Fhogphopyruvate + Co, + _‘___) Oxaloacetate + pyrophesphate
ip

An ensyme catalyeing the carboxylation of prruvatc was
disesvered dn liver mitcchondria by Utter and Hoeeh {(1960).
This snzyme {pyruvate: carbon dioxide liguse, AP, E.O.

6..5:1) catalyvsed ithe renction:

Pyruvate ¢ €6, + ATP _(___’ Guploocetate ¢« ADP + ir.
&y

and it was found to require the presence of cataiytic

amounts of seetyl ceensyne A Tor activity. The activity of

this enzyme was inhibited by avidin.
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In addition there are twe carbexyiation reactions
which produce dicarboxylic acids that could be direct
precursors of oxaloacetate. dchoa, Hehler and Hornberg
{1948} discovered an enzyme {l-malateirADF oxidoreductase,
decarboxylating, ¥.f, 1.7.1.40} which gatalysed the reductive
carboxylatlion of syruvate to malate. If this zeaction was
coupled with the reaction catalysed by malate delivdrogenase
{Te-mslate:HAD cxidorsductase,; D.0.1.%1.1.37) the overail
reaction would represent the carboxylation ef pyruvate te

Fors oxaloucetato:

Pyruvate + i)f__ + 3’:‘-‘*3&‘1!2 < > Malate + PR

Malate + ¥ .4__)' Uxaloacotate + P,

Sum: Pyravate + Gy, _*"‘ Gxaloacetate

where P ropresents either NAD oxr HADP aumd PHE, represents
either »‘-‘-im}lia o mn‘mz .

The equilibrium of the malete dehydrozenase catalysed
rez-‘zetion was shown to be far in the direction of malate
Formation {Stern, ‘echea and Lynen 1932, Burton and Yilson
1953) and this would Lo &n obsiacle to this pathway of
Fformation of exaloacetate. The overall reaction would not

proceed in the direction of oxaloacotate formation wiloss
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there was some sink for the end products. The removal of
oxaloagetate by a transamination reaction toc form aspartate
could be the means by which the goupled rveactiona amight be
pulled in the direction uf carboxylation. Malate dehydrogen-
ase ifrum o auaber of scurces was found to be speeific for
SAD {Burten and ¥ilson 1953). "Nalic” enzyme eriginating
from snimals and plants was usually specific for NADP

{¥ood snd Stjornholm 1962}, Although "walic® enzyme from
Lactobacillius araninosus was specific for FAD it was aot
pozeible to demonstruie carbon diozide Tixation with this
enzyme; the reaction would proceed oniy in the direction
of decurbdoxylation {Xorkes, del Campillo and Cecheoa 195G,
rawlman, Korkes and del Canmpille 1951;. i *malic? enzyme
prepered from iscaris lumbricoldes was sctive with sither
HAD o HADP {Saz and Bubbard 1957). If "malie" enzyme

activity was dewmonsirated in Uehromonas ithe stourrsnce

%

i the felly coupled renctions envisasged above weouid

fat

depend upon the cofactor specificity of the "melic® enzyme
glnee it appeasred thal malate ﬁahy&rugﬂnaﬁﬁ from all sourcos
wag VAl-specific,.

A voepction ¢utalysed by the onzyme propionyl Cod
carboxylage [(propionyl Codscurbon dioexide ligase, ADF,
Bolly Galiels3), in which propiouyl Coi wes carbo:yiated to
forw wetliyl malonyl Coi, was dlscovered by Flavin, Ortiz
and tchoa {1955). The vesults of an investigation ef the

PRl

eiffect of wvitamin B,, on the sxidation of { ¢} propiounte
12 :
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by vitamin §,.,-deficient Dchwvomonas malhamensis suggested
to White and irnstein (1961} that vitamin §,, night be
acting as a sofactor for the enzyme wmethyl malonyl

Coi isomerase {2 methyl malonyl oi: Doi-carbonyl sutase,

Helle HelaGPal2} in this organisme. It wmight be implied

from this that Ochromonas had the enzyme propionyl ok
carboxyiase which would e pecessary for the conversion of
sropionate to moithyl walonyl Coi. If Oclivvmonna was able
to incorporate carbon dioxide through the activity of this
engynes then coupling with & yesction discovered by Swick
and ¥Yood {1960}, which was catalysed by theenzywe malonyl
Soh:  pyruvate carbexyl transferase (U.C.Z.7.5.7.) would

lead e the production of oxalozcetate.

Pyoplonyl Cod « ATP + < > Hethyl malonyl Cod + ADP &+
6, iP
A

£

Mollivl malenyl Co4 4  c—sm——)pe
Pyyuvaio

Propionyl Coi + Uxaloscetate

Zum: Pyruvwmte + ATP —')" gxalvoacetate « ADE <« AP
a0

2
It would sppear that the overall reacticn was the same
as that demonstrated by Utter amd Keech (19607 with the
engyne pyruvate sarboxylase. 7The coupled reasction described

above would depeimxi on the presence of catalytic smounts of
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propionyl Coi. The reaction catalysed by pyruvate
carboxylase was shown o depend on the presence of acetyl
Cos oxr prepilonyl {oA. !owever pyruvate carboxylase would

not catalyse the itranscarboxylation reaction -
Malonyl Coi + Pyruvate <___’ Acetyl CoA + Oxaleacetate

Thereofore the type of coupied reaction described sbove
could not account for the wreaction catalysed by the
pyruvaie carboxylase 0f_ﬁtter and Keech (1960). Hoth of
the enzymes involved in the ceupled reaction and pyruvate
carboxylase required biotin for aectivity since they were
all inhibited by avidin (Halemz and Lane 1960, Swick and
Yood 3960, Utter and Keech 1960). iszirc, Leone and
Gehon {?960) showed that purified propionyl-Coi carboxylase
contained bilotin., liore again the transamination of
oxaloacetata to aspartate would pull the coupled reaction
in the direction of carboxylation.

¥Yrom the results described in this chapier it was not
possible to decide which of the enzymes discussed above
might be responaible for the incorporaticn of {‘kc)
bicarbonate into oxaloacetate znd hence inte aspartic acid

during fixation of carbon dioxide by (chromonas.
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Incornporation of'{1&c§ bicarbonate by thiamine or biotin
deficient Cchromonas colls.

From a study of the distribution eof radioactivity
incorgorated from ta&ﬁﬁ bicarbonate inte ithe components
of ethiznol extracts of biotin or thiomine deficient cells,
iauss and Kandler {1962} sugsested that there were two
indepemdient mechanisus for the fixation of carbon dloxids
in this organism. The incorxrporation of radivactivity inte
malic acid was gwreatly reduced in the thiamine delicient
celln,. This effect was thought to be due to & decrease
in the smount of reduced pyridine nucleciide available as
& rasult af the damage incurved by the reepivatery systew
guring thiamine deficioncy. A decrease in the smount of
roduced pyridine nucleotide meannt that less earboun dicxnide
could be incorporated into malie zeld by the "malie®
NTY W€ o

Blotin deficient cells were characterized by a total
inability to incorporiate radioactive bicarbonate inte
aspartate. Therefore It was sug ested that the incorporation
of bicarbonate into asyvartate was catalysed by either
pyruvate cuarboxylase or phosphopyruvaie carboxyiinesse. The
inclusion of phophopyruvate carboxy kinase was basod on the
propise that this enzyne contained bHouwnd &iﬁtin/{Lich&tain
1957« livwever it was unlikely that this enzyme ncvedeod

biotin for activity since it was not inhibited by avidin.
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Furthermere, protein-bound biotin and the enzywe were nct
eluted in the same fraction from an avidin sgocellulose
colunn {Somenza, ‘restige, Menmard-Jeker and Gettex-talland
1959} . The presence i the other twe enzymes catalysing
the incorpoeration of garbon dioxide inte sxaloacetate
(phophopyruvate carbexylase and phosphopyruvate
carboxytransphosphorylase} was precluded since these engynes
were not inhibited by avidin (Zenk 1962 and Ziu and Wood
1962, rospectively). Thorefore the iwe mechanisms of carbon
dioxide Iixation suggested by ithe results of Kauss and
Hendler {1962) were limited to ths reactions catalysed by

“walic” enzyme and pyruvaie cerboxylase.

sncorporation of radivactivity inte ithe secondary products

PPE L W
%{i&;ﬁiﬁ

Ligarbonaie Yixation.

It was found that malic and e¢iltric scids were carly

$
(1’4

radioactive products of ¢} bicarbonste fixntion by

darh-grown (cliremonas celle [Table 1l}. hRadicactivity from

1A

%

¢} bicarvenate may be incorporated into malate Ly two
pathvays. The firet¢ posseible pathway was a divect incorpors-
tion through the reaction cutalyvesed by “walic” esnsyme.
Another indivect pathway was by lucorporation into
oxaloacetate whlch could be reduced o unlate in the reaction
gatalysec by mslate deliydrogonasc.

Prasumably radiocactive eitric acid was forwed by
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condensation of radicactive sxaloscetste with acotyl Coi.
If Gehromoenas had a tricarboxylic acid sycle, this would
explain the passase of radieactivity from oxaloacetic acid
to alpha-cxoglutaric acid and inte giutamic ncid by
transamination of the alpha-oxoglutaric scid.

The incorporation of €1&C; bicarbonate inte alanine
wonld not e explained by a simple reversal of the reactions
catalysod by "walie” ensyme or syruvate carboxyliase and
sransamination of the pyruvate produced. However thoy were
Jormed, the dicarboxylic scids would be labelied in the beta
carvoxyl group snd this group was converted to carben dioxide
in the yeverse reasctions catalysed by these two SGRBYINe8 e
Pyruvate wight become radioasctive if labelling of the
dicarboxylic wcids was aet confined to the beta carbexyl
sroups. The label cuuld becowe distributed betwesn the two
carvexyl sroups i the dicarvoxyiic scide were in
oguilibrius vith & symaelrical sonpouwnd such as feserate.
fadicactive fumarate was found in the earliest samples taken
arter sxpesure of imtect ecalis to {ihc} bicarbonnte [Teble 11).
Although the zumount of radicactivity in fumarate at auy
time was guite small and did not increase much with tiwme,
this aeed not invalidate its participation in the schowme.

I &the pool size of fumarate wes ssall and static and

§kc

thore was & rapid turnover of then ithe maximum possible

specific radiocactivity might bs reschoed in a vory shiort time;
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thereafter there would e no incresse in the total
radioactivity of this compound. Hadicactive pyruvate was
not seen on the radiocautegraphs since this compound would

e volatile in the acid seolvent mud lost from the chromatogram.



(Mey SICARBONATE MY DROKEN CELL

PREPARATIONS OF OCHROMOMNAS HMALHAMDHNSIS,
- e

INCORPORATION OF SODIUM

It was apparent row the results presented ia Uhaptey
8 that Jehromonas, which had been grown in the dark, incor-
porated (‘hgﬁ bicarbonate primerily into dicarbvozyvlic neids
in the absence of exogenous carbon substrates, ilowever,
there were several :known enzywes which wmight Lave catalysed
a primary carboiylation resctiocon yielding dicarboxylic
acids. The results cbtained by Kauss and Fandler {1962) from
{@hﬂi blearbonate incorporation zxiperiments with biotin and
thisnine deficient Dchromonas cells indicuated that there were
at least two pathways sf carbon diozxide incorporation inm
this organism. Furthermore it secmed that these two
pativways sturted Ffruw the carboxylatien reactions catalysed
by "malic® enzyme ané pyruvate carvoxylass.

In the present investigeation a wore direct approach was
employed in an attempt to define the priwmery carboxyiation
reactions of heterotrophic carbon dioxide {ixation by

Gehromonus. ivoken cell preparations of the organiss were

examined for their abrility to catalyse various Ut + €3
condensations. In the following sections two carboxylation
reactions are doescribed. ine of these reactions was shown
to be catalysed by "malic” enzywe, but the aature of the

other reacticon was not detersined.
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ethods and Materials.

Preparation of bzroken cells. The cells from a 300 ml.

culture of Gchromonas, which had been grown for j days in

the dark, were harvesied aml washed by centrifuging as
described in Chapter 2. The washed cells were suspendad
in approximately © ml. of a freshly prepared soluticn of

1 @ cysteine hydrochleoride in 10 uM tris-iC1 buiffer pil 8.0
at 49, This suspension was transferred to an ice-cold

plastic cup from a type OM-:Z000 microhbomo snisexr attachment

Toruwalk,
ConNe, YeBSehae)e The cup was fitted tu the homogeniser and
then lowvered inte an lce Lath. The cold cell suspension
was homogenised at maxisum speed (blade speed 50,000 rpm.)
for 1 minuto. The cup was ilmsodiately detached Irow the
apparatus, to prevent the traunsfer of heat frow the motor
and allowed to stand iu an iee bath Lfor five minutes,
Then the Lhivnogenate was centrifuged at %00g for 10 minutes
at 4° to remove large fragments and unbreoken cells Irom
the preparation. The supernstant susponsion vas careifuily
reamoved with a teat pipotte uznd the packed regsidue was
discarded.

Whenever possible this J0g supernatant wvas added o
the various reaction mixtures immedistely alter preparation,
otherwise it was kept on ice. for the spectrophotometric

assay «f "malie" onzyme ihe 900z superaatant was centrifuged



at 57,300g for 30 minutes nt 4° in a Spinco model 1.
centrifuze and the supernatant liguid was used as the
sourcve ¢ enZyme. |

To determine the relative distrivution of "malie"
engywe sud malate degydrogenase between the soluble and
particulate fractions of the gell a 9005 supernseiant of
& broken cell preparation was divided inte twe portions.
One portion was hept in an ice Leth while the other portion
was centrifuged at 57,3005 for 30 wuinutes at 4%, The
supernatant liguid was removed and kept in the ice baih
wirile the packed residue was suspended in an awount of the
1 w¥ cysteine, 10 m¥ tria-fiC1 buffer equal to the volume
f the supernatant. The enzyme activities were assayed
spectrophotometricaily in these three prevarations,
At the same time Lthese preparations were tested for their
ability to fix (iha} blearbonate in the presence of
pyruvete and ?if;u"‘i;‘:i»‘}zia.

Protedn was estimated by a modification of the method
of Vestley end Lambeth {1960) which was described in

Chapter k.

" oy g B
tions. #ll reactions were allowed te proceed ut 8% in
ORI SR .
Zlagss esntrifuge tubes. The stoudard assay mixture used
in these zxperiments contalned 100 micromoles of tris-ic1

ouffer piH 8.0, 1% micromoles of wasnesiwn chiloride,
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25 micromoules of reduced glutathione, 20 aicromoles and
10 microcuries of scdiuw {ﬁuﬁ} bicezbonate and 0.5 ml. of
a 200z supernatant ¢f a broken cell prepuaration
{approximately 0.9 mg. of protein). “The various substrates
wizich were added to fhe standard essay mixture are listed
in the tables of results. Uthen it was expected that
oxaloacetate might be a product of the reaction 5 mieromoles
of ﬁﬂhﬂz and 400 units of salate dehydrogensse were ineiuded
in the reaciion mixture to reduce unstable oxaloscetute
to malate,

The reactions wers always started by the additivn of
the Lroeken cell preparation to the rest «f the reactants.
The reactions were stopped by making the reaciion wmixtures

123

2,58 with respect to rormitc acid. Unreacted { ¢}

bicsrbonste was flushed irom the reaction mixtures by
adding 2 few suall pieces of solid garbon dioxide. Then
the resetion miztures weore treated with four volumes of
sthanol. =Rubsequently the ethanolic solutionsg were flushed
by bubbling esrbon dioxide ges through the sixtures for
60 wminutaes. Finally the wmixtures were contrifuged at 900g
for 10 minutes, The supernatent Liguid was colleeted
and thea volume was LOABSUXed. Aliguoete of the sucernatant
liquid‘were apsayed for radicactivity by the iiqudd
scintililation tecanique.

In some instances insufflicient radicactivity was fixed

to permit a satisfactory analysis of the products when the
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standard assay mixture was used. These experiments were
repeated using reaction aixtures contaiuning 50 microcuries
of sedium {‘AC} bicarbonate but otherwise identical to ihe

standar mixture.

sAnalysis ol the radloactive products in ethanclic extrscts

of boroken cell preparations wihicii had been incubated with

('ﬁh

() bicarbonate. The sthanolic selutions, which were

prepared frow the reaction mixztures as described above,
were Jdistilled to dryness under reduced uressure ai lass
than,Bsg. The browvn oily residue wes suwulaified with
He5 mi. of water and the emulsion was shaken with 205 ml.
of a chlovroforvm-methansl mixture (3:1 by volume}. The two
phases of the resultant biphasic wixture were separated by
a2 briel centrifuging and all but a thin layer of the wupper
phase was carefully sremoved. Without disturbing the lower
phase the phase interface wus vashed with g mixture haviag
the same solvent composition as the upper phase wzhich had
been removed (Foich ei al. 1957). ‘The washings and the
upper phase were gombined while the lower phase., which
contained the cell lipid, wvas discarded. This procedure
was analogous to thut which was described in Chapter 3 for
the preparatioa ef Fraction 4. Therefore the upper phase
consisted largely of ethanel-soluble intermediates of
metaboiism,.

The upper phase was concentrated to dryaness i a vacuum
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desiccator over sodium hydroxide. The dry residue was
dissolved in 1.0 ml. of water and the solutes were
separated into acidic, basic ami neutral fractions by
treatment with lon-exchange resins as described in Chaptex
& The subfractions were znssayed for radiocactivity by the
iiguid scintillation tecimiique.

Radloactive subiyactions were evaporated to dryness
in o vecuum desiccator over sddium hydroxide., The dry
rosidues were dissolved in 0.05 @i, of water and these
solutions vere spoited on Y¥hatvan nuuber 1 pupers for
snalysis by chrowatography in one dimension. Chromatograms
of the seidle fraction were developed with the solvent
mizture butan-li-ol-2 methyl propan-i-cl-water-30 per cant
formiec aeid {1:2:3:1 by volume, upper phase) [(Ladd and
vossal 1954)., 7The basic fraction contained a large amount
of tris which wmas used to ffer tlie reaction mixtures.
focause of the execess tris in this {fractlon the spod made
at the srigin of the ciwomatogram was grossly overloaded
and the components separated en the chromamiogran were all
badly streaked. 7The tris was separanted from the radioaective
matorials in the bosic fraction by paper electrophoresis on
Yhatman 3 MM paper using the elecirolyte pyridine-acetic
ascide-water {3:5:192 by volume} at 580 volits for 5 hours in
the apparatus described in Chapter 2. This procedure

separated a complete mmino acid mixture inte & bands
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congisting of aspartic acid, glutamic acid neutral smine
acids and vasic amino acids. Tris migreted with the band
of basic smino acids and radiosctive materials were anlways
associated with the other bands. Radicvactive areas were
loc:ted on the electrophoresis strip Ly passing it through
an Actigvaph & radiocactive paper-strip scanner. The
radivactive areas were cut from the paper zud the paper
was eluted as described iu Chapter B, The eluted material
was spotted on Nhatwan number 1 paper. The chromatogram
wae given a double development with tire solvent mixture
butati=2=olemsmonia {§.6G,0,88 ) ~water (300:33:67 uy voluse).,
Radioactive aress were detected ou the dry
one~dimensional chromsiogrems using the lctigraph 2
radioactive paper-strip scunner. The radicsctive asreas
wore eluted and the dustes were assayed for radicactivity
by the liguid scintillation techndgune. lasdioactive
compoundgs wero identified by paper slivoncdtography as

deseribed in Chapter 8.

inclatlon amnd degradetion of radioactive malate, Kadicactive

salate was isolated from 2 reaction mixture by paper
chronatosrapiiy . Eté identity was confinrmed by paper chyroma-
topraphy with the solvent mixtures used for the ddentification
of carbozyliie acids and deseribed ia Chapter 8. The
compound was finally eluted from the chrowatogram and the

radisactivity in the sluate was assayed by the liquid
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scintillation technique. The eiuate was reduced to
dryness in a vacuwn desiccator over sodium hydroxide.

The radiocactive malate was guantitatively converted to
Laetic acid and carbon dioxide using a washed cell

suspension oi lactobacillus arabinosus {Bilanchard, “orkes,

del Campillo and oehoa 1950). The dry material was dissolved
in 1.0 ml. of a solution containing 20 micromeolices of
sodiuu~l-malate. This solution was trensierred to tac

outer compartment of a 30 al. bottle sguipped with an inner
well having acapacity of 1.5 mi. The outer cuupsrtuent
was zlse supplled with £.0 ml., of water sand 9.2 wl. of a
buffer-cefactor solutisn {(Neoasal 1952) while 1.0 wml., »f
Stesodivm hydroxide solution was added to the inner well.

The bottle was sealed with a skirted rubber vaccine cay.

lLactobaclitiius arabinosus i7=% was zrowvn in the mediuvm

described Ly Nessal {1951). The cells wvere harvesied

From the culture and washed by centrifuging. The washed

cells were suspemnded in 0.1 ¥ potassium chloride and O.4% ml.

oi’ the cell suspension was added ¢ the cuter coupartment

of the sealed reaction vessel by meoans of a syringe. The
hotile was iluncubated at 350 for 30 sinutes and then allowed

o stand 2t yoom tenperature for a further 60 minmtes to

zisure that the carbon dioxide evolved was coupletely

asorbed in the alkali. The alkali was recovered guantitatively

from the lnner well and an amount of carrier sodium carbonate
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was added to the solution o that the total awount of
carbonante was approximately 35 wicromoles. Carbonate
vas precipitaoted from the alkali as barium carbonate by
the wethods deseribed in Chapter 5. The barium carbenate
was plated and ssseyed for radiocactivity as described in
Chapter 2.

Lactate was recovered from the reaction sixture in
the suter coupartment es Follows. The renction mixture
vas transferred from the bottle t6 a centrifuge tube.
Frotein was preciplisted Ly tresting the wixture with 4
voluwes of sthanol. The solution was centrifuged te pack
the precipitate. The supernatant Iilqguid Logether with
several ethauol washes of the preecipitate were concentyated
almost o drvness un@&r & strean of anitrogen at kba. Thwe
concentratod seluticn was passed through two 1 % 5 cur.
colum:ig packed with the ion exchanye resins Dowos 53 {8 per
sent crose-iinked, 100-200 wesh, in the acid forva) and
Dowex ¥ {4 per cent cross-linked, 50-100 wesh, in the acetate
form) in succession. The lactate exchanged on te the iatter
resin was sluted with 28 ml, of Oi-formic acid and the
eiuate was evaporated to dryness in 2 rotary evaperator.
The residue was dissolved in 2.0 ml. of a solution contain-
ing 180 wleromoles of lithium lactate.

“he lmctate in this solution was oxidized to ascetie
meld and carbvon dioxide using scid permanganate according

to the method described by Hatz, Abrahas aud Chaikeff {1955).
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The reaction was perfoimed in the boittle equipped with a
centre well which was Jdeseribied previously. The carbon
dloxide evolved durlag the reaction was absorbed in sodium
hydroxide, precipitated as bDarium carbonate and assayed for
radicasctivity as outlined above. scetic acid wes recovered
from the reacition mixture in the outer compartment of the
bottle Ly siteam distillatien and the distillate was titrated
%0 & phencl red end-woint with sodiuw hydroxide soiution,.

The meutralised distiilate was concentraled to v small volume
in a roetary evaporator ami assayed 6r redicactivity by the

liguild scintiilation technigue.

Spectrophotometric snzvie Ls8aY8. 411 wf the assars were

performed in a Shilmedsy type RI-Z7 autvamantic recording
spectiopiotometer,. In all sssavs the rales of reactions
were deterzined {rem the difference in extimction between

15 and 43 seconds after the initistion of the resction.

*Malic" enzyme (?.ﬁ;%.?.%,ﬁo?a The activity oi this

enzvme was detersined by measuring the ineresse in
extinetion at 340 millimicrons of the following reaction
alxture. '?he_eqmyiate aystem, in 1 cm. Light-path siliea
cuvettes, consisted «f 100 micromeles ol tris-iiCt buffer

pl Befty, <5 micremelies of magnesium chloride, 10 micromoles
of gvsteine hvdrechbleride, 2 micromcles of potassium malaie,
a1 wmicromtle i NATIP, 0.7 mi. of enzywme preparation

(57,300g supsrnatant of an Jehromonas brekeu cell preparation)

P 205 AT
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and water to uske 8 fiunal voluwe ef J.0 al. This assay
system was virtually identical to that employed by Hutter
and rtarcéy (1958}, These authors conducted their assay at
PH Fob and used a glveyl glycine buffer.

The reactions were started by the addition of malate
to the cother reactants in the test cell while an equivalent
wvolune of wvater was added to the other reactanis in the
raferonce cell, Ome unid =0 enayme activity was defined
as that auwvpunt vhich caused & change in extinciion of 9.01

por minute under the above conditions {(Hutter s Levdy

1958 .
Lactate dehydrogenase (F.0.1e1.1.27). This sueyme was

assayed according to the method described Ly xNeilands
{1955). The lactate-dependent reduction »f ¥AD catalysed
by this enzyme wes assaved by sessuring the increase in

o

extinction ot 340 millimlcrons.

pypuvate kinase (F.C. 2.7.1.40}. The method of Pucher

and Pfleiderer {1955) was used Lo assay the sctivity of
pyruvate kilnase. In this method the pyruvate kinase
catalysed reaction was goupled with the roeaction catalysed
by lactate dehvdrogenase, the sverall resction heing

measured by the decrease in extinction of HADN, at 340

2

millimicrous.
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Malate dehydruogenase (L.C.i.3.1.737), “Malate dehydrogenase

activity in broken cell preparations was determined By
sieasuring the decrease in extinction at 34G millimicrouns

of' the following re¢action mizture. The comgplete sysiten

in 1 cie iigﬁt_puﬁh silica cuvetties contained 160 micromoles
ef iris~-iC1 bufier ul 8.7, U.4 micromoles of NADH,

25 micromoles of mugnesium chloride, 9.1 @l. of ensyme
solution {900p %uﬁeruatant}, 2 mieromoles of e¢xaloacetate
and water ¢ wmake the fimal volume 3.0 mi. The reference
cell centained all the recctants except oxsloacetate which
was replaced by an gquivelent volume of water. The resction
was started by the addition of oxaloacetate o the sther

reactants in the test celli.

Chomicals, Graloacetic acld, Nabi,, HARPH . GDP, ATV,
reduced glutethivne, sodiuw pyruvate, glucose 6 vhiosphate
dehydrogzenage (E.ﬁ.?.i.%.&ﬁ}, lactate dehydrosenase
(Fealala1.27} free of pyruvate kinase, p-cthloromercuribeizete
and the barium salt of glucose & phosphate were all purchased
from the Sigma Chemiecal Co., Sf. LoOuis, Mo., W.5.4., Glucose
6 phosphate barium salt was converted to the sodium sals
by dissolving it in 0.8 hydrochiloric acid nud precipitating
the barium as bariuam sulphliate by the addition of sodium
sulphate in slight excess., The resuliant solution was
adjusted %0 a pil of 7.8 with sodium hydroxide solution.

HAD and MADF were cbtzined frowm C.F, Goehringer und

Soehne , Mannfelm, Germany. Avidin vas odbtained Trom
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Nutritional Biochemicals Corp. Cleveland, Thio, U.5.4.
Malate dehydrogenase was purchased from Worthingtoen
Biochemical Corp., Freehold, W.J., U.f.4, Coenzyue A

and ATP came {rom Fabst lLaboratories, Milwaukee, ¥is.,
UsBohis N-biotin was obtained from the valifornia
Poundation for niochemical Research, Los ingeles, Calif.,
Vetiodie Prapionic arhydride was purchased from Pluks A.G.
Chenische Fabrik, Buchs %.5., Switzerland.

The iricyclohexylamine salt of phosphopyruvie acid
was prepured in these laboratories by Mr. 2. Tubela. This
preparation was found to e free of pyruvic acidé when
assayed with luctate dohydrogenase. Acetyl cosuzyme 5 and
proplonyl coenzyme i were prepared iroi the sppropriate acid

aniiydrides by the method »f Stadtman (1957).

Results aad Discussion.

Aspartic acid was Lhe first stable radiocactive product

of (1hc§ tbicarbonate incorporation by intact {chromonas

ceils during endogenous respiration in the absence of exogonous
carbon sources {Chapter 8). There were four known reactions
which might have yielded oxaloacetate as a direct product.

These reactions were catalysed by the enzymes -~
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Phosphopyruvate garboxylase
Phosphopyruvate + t,':(;&z, — Xaloacetate + 1P,
hosphepyruvate garboxykinase

Phosphopyruvate + CO, _)-.4_ Uxaloacetate + TP,
%» GDP

fhosphopyruvate carboxyiransphosphiorylase

Fhosphuepyruvate + %02 _<_) Gxaloacetate + pyrophosphate

+ AP
Pyruvate carvoxylase

Fyruvate + f"::t;zg + ATP ,<___, Uxaleoncetate + ADP + i,

The participation of these euzywos in the carbon dioxide

fixation reactions of Jchromonas was discussed in Chapter 8,

in addition there were two coupled reactions wiich
could produce oxaloacetato as an indirect product of carbon
dioxide fixation. The 1irst of these coupled reactions
was due to the concerted action of "wualie® enzyme and

malate dehydrogenase -

prruvate « v:‘f:%‘iig * *’=%A§f>§’*ii€2 __4__* malate + KADP
malate « NAD *__’ oxaloacetate » :m?AI)Hz

Sum pyruvate + ATF + 0, =P oxaloacetate + ADP ¢ AP
2 ———

taing a standard reaction mixture 8 mumber of sxperi-

ments were performed with Ochromonas broken ¢ell preparations
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in an zttempi to detect any of the enzymes catalysing the
six reactions ocutlined abova. The results of these
experiments are shown in Table 12,

incorvoration of {° C} bicarbonate by broken cell preparatiocns

in the presence of pyruvate. In experiment 1 of Table 12

it was found that the addition of nyruvate to the standard
reaction mixture significantly increased the amount of
radiozctivity {ixed by a broken cell preparation of
gehromonas (reaction bj. The addition of NADH, together
with pyruvate did w0t elicit any increase in the amount of
radioactivity fixed over that already observed with pyruvate
alone {reaction u}.' YWhen fﬁﬁﬁz was replaced by a systen
gemerating %Aﬁpﬁe {zlucose 6 phosphate dehydrogensse, slucose
6 phosphate and EA@?) the zmount of radicactivity fixed was
six times the amount fixed in the presence of pyruvate alone
{veaction d}. No significant fixation of radiosctivity
was observed when pyruvate was oultted from the latter
reaction mixture (reaction @} These results suggested
that an NaDP-dependent "malic® enzyue was preseut in
Uchrorvnas broken cell preparations.

Reaction mixture d of experiwment 1, Tublc 12 was
partiticned between a chloroforu-methanol-water mixture
and the upper phase was treated wiiﬂ ion-exXchange resins.

411 of the yadicactivity in the reaction mixture pasgsed throuzh
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a column of cation-exchange resin but 9 per cent ui the
total radiozcilvity was retuined by a columm of znion-
exchange resin. 411 of the radiouctivity retained by

the anion~exchange resin was eluted by formic ~cigd. The
formic acid eluate was cxamined by paper chromatography
using the solveni mixture butan-l-eol-2 methyl
propan~ji-ol-water-formic acid. The distribution of
radionctivity awmong the components sesarated on the

chromp togram is shown in experiwment 1 of Table 15. The

sum of the radioactivities of the components eiuvted from
the chrowatogram accounted far 95 per cent of the total
radivactivity originally applied to the paper. The
radioactive components vere identified by chromatography
and radioautography. Halate contained 79 per cent of the
total radicactivity recovered iron the ghrosatogran; Lesser
amounis were present ia fuvwarate {10 per cent) and succinate

(6 per cent).

Legradation of radivactive malate. 7The radioactive malate

isolated from reactlion mixture 4, sxperiment 1, Teble 12

vas degraded to acetate and carbon dioxide. The radicactivity
recovered in these products accounted for %8 per cent of

the radiosctivity in the walate at the beginning. The
distribution of the radiocactivity among these products
indicated that the malate was labelled in the following

wanner {the figures are per cent of the total radioactivity):
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SO e CH = = CHO = =00
79.% 17.3 3.3

iinfortunately the acetate was not sufficiently radliouctive
to permit further degradation to sne~carbon units. Therefore
it vas net possible to determine the distribution of
radioactivity between ithe wethylene and hydroxymelhylene
carbon stoms of the radiocactive smliate.

The presence of the largest proportion of the total
radioactivity in the beta carvoxyl group of manlate was
gonsistent with &« reductive carboxylation of pyruvate s
catalysed by "malic® snzyue. The small preportion of the
total radioactivity in the alpha carbexyl group could have
snterec this position if weolate was in eguilibrium with
fumareate, a sysmeirical dicarboryiic seid. The identification
of radioactive fumarste siu! succinate in the reuzction
mixture leut support te this netion. HNuch more puszling
was the presence o0f & significant prozortion of the total
vadioactivity in the wethylene and/or hWydroxymetiylene
carbon atous of malate.

it was shown {Chapter 8) ithat intact Uchrowonas cells

{Eﬁﬁ} bicarbonate into

incorporated radioactivity from
alanine. It was suggested that pyruvate wight become
radioactive if the radlouectivity incorporated iunte ihe
beta carvoxyl group of malate or oxaloacetate became

Gistributed Between both carboxyl groups as a result of the
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fumarase catalysed equilibriws with symuetrical fumarate.
Then carboxyl-labelled pyruvate could be produced by a
reversal of the resctions catalysed by "malic® anzyme ox
syruvate garvcoxylase and radicactive alanine would he the
product of a transaminatiosn reaction with radliosctive
pyruvate. Howevoer the small progortion of the total
radioactivity found in the alpha carboxyl grous of malate
indleated that the distribution of radiouctivity betwasa the
twoe carboxyl groups, via the fumarase catalysed reaction,
was not securring to a significant extent in the broken celi
preparation., If the distribution of radivactivity among

the carbon atoms of malate produced by the broken cell
pPreparation was a true reflection of the situation in the
intact cell, ihen radicactive alanine must bLe formed vy some
means othey then reversal of the "walile® eazyme or pyruvate

carvoxylase catulysed recetions.

3

tequirement of cysteine for the fixation of {??c} bicarbonate

Yo

by urelien cell preparstions.

The ability of Qchromonas bLroken cell preparations te

fix (gaﬁ} bicarbonatle was found t¢ be¢ dependent on the
presence of cysteine in the homogenising medium. The

‘kﬁ} bicarbonate normally observed in the

Fization of {
sresance of pyruvate and %ﬁﬁ?ﬁz or pyruvate, propioayl Coa
and ATP could not b demonstrated with preparations which

had been made in the absence of cysteine [Table 14},
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Malate dependent reduction of aDP,

Since the carboxylation reaction catalysed by "malic”
enzyme wag soupled with oxidation of NADPH,, it would be
possible to follow the reaction in a spectrophotomcter by
measuring the change in extinction at 340 millimicrons.

The compounds partieipaiing in this preaction were alse
potential subsirates for the reactions catalysed by malate
and lactate dehydrogenases. Lactate dehydrogenase activity

could wout e demonstrated in an Jchrowonas LHroken cell

preparation using the assay system described by Neilands
(1955} but the same preparation éid possess nalate
dehydrogenase activity. Therefore it was gpossible salate
dehydrogonase might interiere with the "ualie® enzyuc
assays. llowever this possibility was gircumvented by
contriffuging the broken ceoll preparation at 57,300i. Malate
dehydrogenase activity was assocliated with the particulate
puterial swhile "malic® enzyme aetivity remained in tthe
supernatant liguid under thess conditions {Table 16}.
Therefore the 57,300g supernatant of cehromonas brokei cell
preparations was used for the spectrophotometric measurements
of “"uwalle” enzyue activity.

The results of 2 sories of spectrophotometric assays
demonstrating the malate dependent reduction of JADP are
showir in Table 15. Zxpoeriments 1 and 2 showed that NAD and

HADY were not reduced in the absence of mslate. ™n the



175.

presence of uslate no reduction of 1Al could be cbserved
(experiment 4}, hence the 57,300z supernatant was devoid
of mulate dehydrogenase activity under these conditions,
“hen WAI: was replaced by ¥ALY {experiment 3} the extinction
of the reaction mixture increased at the rate oL G.223 per
minute per mg. of protein in the presence of malate.

It waa apparent from oxperiments 5 to U that thicel
ETOUDSs were necessary for the activity of "malic" enzyiae.
when cysteine was opltted from the reaction mixture the
rate of voeaetion was 58 per cent of that observed with the
compleﬁe system, Yhen p-chlore mercuribenzoate {p-iMB}) was
added to the assay systen minus cysteine at concentrations

~G

of 10”7, 107 and 10”7 ¥ the rate of the reactions were

58 per cent, 41 per cent and 3 per cent, respectively, of
the roete in an unsupplemented system. Vhen sexcess cysteine

was added ©o the sssay system prior t0 the addlition of

>

to o concentration of 10 # {reaction P} the rete was

FLE Y
75 per cent of that in the eontrol {(reaction %). This
indicated thai the inhibltory eifect of p-UME was due to iils
property of forming a mercaptide with thiol groups.

The relaiively crude 97,3003 supernatant used im the
assays :deseribed above mould have provided o large number
of p=-UMB bhinding sites other than those sssential for"malic"
guzyue soetivity. Furtherwmore cysteine carried over in the
57,300g supsrnatant also would bind p-CHB. Therefore the

*mulic” engyme activity was probably more seasitive o p-CMB
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than these experiments indicated. Rutter and Lardy (1958)
reported that the sctivity of a purified "malic® enzyme
from pigeon liver was inhibited 100 per cent by 1&”6 M

p—-GCMB.

Ristribution of "malie” snzyse und salate dehydrogenase
between soluble and particulate fractions ef (eh

It was apparent Lrom the vesults shown in Table 16
that the enzywe catalysing the nmslate depenvdent-reduction
of NADRF wias largely confimed to the 537,300z supernatant

obtained frum a broken c¢ell preparation of Ochromonas

{experinent 1). Summation of the enzvue activities Found
in the 357,300z supernatent and particulate fractions showad
that only 77 per cent oif the "malic? enzyme activity in the
origival 900z supernatant was recovered in these two
fractions. spproximately 77 veor cent of the original
engyme astivity was reesvered in the 357,300z supernatent.
toncurrently thesa same Euree preparations {500g
supernatant, 57,300y supernatzat and 57,300z particulate)

'&ﬁ} blearbonate in

vere tested for their ability to fix |
the ;wresence of pyruvate and NAH?%Z using the standard
nasay sixture {(experiment 3). tnder these conditions the
57300 supernatont was able te fix 71 ner cent and the
57,3005 particulate material 4 per cent of the sgount of
radloactivity fixed by the 200y supernatant. Thus a 25 per

cant loss ln overall activity was incurred during the
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igure 1~

Bpfect of o8 on the salate-desendent reduction of HADP,

Jilics cuvettes (light path, 1 om.) eontained Ghe

folliowine couvonents in = total voluse of 2.0 wi. 8
106G ricro oies of buffer, 25 cicronoles of Lglly,

i0 mierozoles of cysteine hydrochloriGae, Oo.l micro-
of #WADP 2nd U.i ml. of & 5T7300g. supsrnatant of

hromdnss DroOKan Cell preparatlon. The peactions

W B O P R LW T I A P I
4ed by the additiocn of 2 wlcromoles of

sotrasium malsate o the resclants ilu the test oeld whnile

¥
92

i souivalent volume of water was added to the reactants
in the refersnce cell. The change is e¥iincsican ol

140 millimicrons was recorded by n Shimadza type R3-27

sutoratic recording specironhotonsliel, The rite of

W\ o Ldem RiPPamowmsrs L 2o 4= 3
fypow the Aiflsreancs La extiseiion

ey £ amy e
reagbinn was

o
T

after the addition of bthe malate.

1 1% and 45 seconds
Gpe enzvie unit was that amount causing o chsuge in
sxbiaction of 0.0l per minute under 4he abovs conditious.
Bpotein wes determined by 2 wethod codified frow thad
sf Westley and Lawmbeth (1960! (see chapter 4, fraciion D).

@ =oiiux phoaphate-citric acid »ullTers.
<> agdins phosphate~potassiva Dhosphate bulfers.
tris-PCl buffsrs.
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prepzration of the 57,300y fractions. 7The ratio of enzyme
activities in the 900g and %7,300g supernatant nreparations
was the same for both the spectrophctometric and isctopic
asgay systems using the same broken zell preparation;
implying that both assays were measuring the same enzvme
activity. Furthermore these assay systems were measuring
the reaction from opposite directions thus demonstrating
the reversibility of the rezetion.

The distribution of malate dehydrogensase was uxamined
with the same snzyme preparations f{experiment 2). This ensyue
was shown to sccur in the 57,300g particulate waterial; no
activity could be detected iu the 57,300z supernatant. When
wﬁﬁPHE was substitutea for Nﬁﬁﬁz in the assay system only
a trace of setivity was observed. Therefore manlate

dehiydrogenase was zpecific Loy RAD.

The elfect of pil on "malic" onzywme activity.

Dehromopas "malie” enzyme exhiblied a moderately sharp

maximus in acetivity at pH 8.0 in the presence of 6.6 x 10”“ M
milate. The pif atl which mazimum setivity was ovbserved

with & purified "walic" ensyue Irom slgeon liver was found

o he dependent on the coucontraticon of malate in the
reaction mixture (Rutter and Lardy 1958}. Haximum activity
was observed at pH 7.7 in the uresence of 10‘3 ¥ malate and
this maximuwa had shifted to plf 7.2 when the smnlate concentra-

tion was reduced to 1@'“ M. (Figure 12, }
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Specific activity of "malic” anzyme. It was interesting

that the specific activity of 'wmalic"enzyme in the 57,300
supernatant was in the vicinity of 2& umits of enzyme
activity per mg. »f protein. A 40,000 supernatant

obtained from u homogenate of plgeon liver {an especielly
geod source of NADP~linked "malie" engyme) was reported to
have a specific aetivity of 9.6 units of enzyme sctivity per
mge 0f protein. {(Rutter amd Lurdy 1958). Therofore

gehromonas would appear t¢ be mn even better source of the

enzyme than pigeon liver,
If the 57,300g supernatant, obtained from bLroken cell

preparations of Cchromenas, was frozen and thawed once &

heavy precipitate formed. vhen this precipitate was removed
by centrifuging at 57,300 for 30 minutes the protein
concentration of the supernatant was only 30 per cent of

the protein concentration in the unfrezen supsrnatant. In
some instances the speciflc activity of the "malic” sazyme
in the frezen und thawed sypernatunt was as high as 59 units
of enzywe activity per wg. of proteiu. However this lsvel

of specific activity was uot consistently attained.

Coupling of “malic” eazyvme and malate dehydrogenase.

It was suggested in the discussion of Chapter 8 that
the coupling of the “"walie® enzyue snd malate dehydrogenase
catalysed reactions was z possible pathway for the incorpora-

tion of (Ibﬁ} bicarbonate ianto oxaloacetate aund hence
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aspartate:

pyiuvate & O, + DPEH, _'*malate ¥+ PN
Lok . 2 coff—

L.

malate +« PN > > cxaloacetaie + PHH,
e

Sums  pyruvate & e::‘(};‘2 _(__"’_ ozaloucetate

whore PN and ‘giv,;mz represent the oxidized and roduced forus
0i' elther NAD or HALP.

The resulte presented above showed that Ochromonzs

possessed an enzyme wirich catalysed the MApP-dependent
reductive carboxylation of pyruvate to form malate.

Jchrmmonas byroken ¢ell preparations were also showun t¢ have

malate dehydrogenasa activity, but this eazyue reguired
FAD as a sofactor and was virtually inactive with nanp,
lecause ¢f thelr different nucleotide-cofactor
suecificities it was noil possible for the reuctions
catalysed by these two enzymes t¢ be fully cougled through
substrate nag colzctors.

The "walie" enzywme was shoun to be preseat in the

soluble poriion of Jchromonas broksn cell preparations.

Althouzh the ualate debhydrogenase sctivity wes in the
particulate portion of the broken cell preparations, it
was wot known whether tie ensysue was mewbrane bound. There
has been no agreement mwong investigators of mitocchondrial

function concerning the permeability or ilwpermeability of
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the mitochondrial wembrane te solutes of metabolic
importance {ellamy and fartley 1960). Therefore coupling
of the "malic" enzyme and malate dehydrogenase catalysed
reactions through malate could not be eliminated an these
grounds,

It was shown that the oxidation of malate catalysed
by wmalate dehydrogenase was an endergsonic reaction and the
eguilibrium greatly favoured the reduction of oxaloacetate
{Burton and ¥ilson 1953}. "Malic" enzyme from avian liver

or jalanchoe ecrenata was shown to have a low affinity for

pyruvate and carbon dioxide (Utter 1959, Waiker 1962). ilse
the equilibrium position of the "mwalic® enzyme catalysed
reaction in alyr was far in the direction of decarboxyiation

1#6} bicarbonate

(Johmson 1960). 7Thus incorporation of |
inte ugaia&cetate wotld be rather unlikely unless there were
some wmeans of pulling the reactions in the direction of
carboxyiation.

If "maliec" enzyme was the chiief agent of (1hﬂ}
blearbonate fixation in the intzet cell, then umalate should
oe the primary fixation product. lowever, it was definitely
established with iatect cells that aspurtate and hence
oxaloacetate became radicactive prior to malate (Chapter 8j.
These findings were not consistent with the incorporation
of {1kﬁ} bicarbonate into malate and oxidation of maulate

to oxaloacetate as catalysed by "malic" enzyme nnd malate

dehiydrogenase yespectivaly.
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Uchromonasg broken cell preparations were found to

cuontain high concentrations of "mallic" enzyme and yet this
enzyme appeared to have only a minor part ian the Licarbonate
fixing activities of the cell during endogenous respiration.,
A possible alternate fumnction for this enzywe wmay be to
catalyse the reverse ef the carboxyiation reaction, l.e.

the oxidative decarboxylation oi molate. 1In this capacity
malie” ensywe muy be catalysing the formution of Kﬁﬁ?ﬂ2
for reductive biosynthesis.

Vken Uchromonas was oultured uader the conditions
descyibed in this repori, 1ipid accounted for 20 per cent
of the dry weight ef cell mmterianl. Cpells which had been
cultured for periocds of ten days were revorted io contain
33 por cent of idipid {saronson snd Baker 1961). In view
ef the preference whiehk the Yatty acid~synthivsising enzyes
show for NADPH, {Wakil, Titchener and Gibson 1959),

OCehromnonas woeald need a generous supply of this redured

nucleotide to be able to synthesise such guantities of
Lipdd,

There have been two separate reports thai [chromonas

did not have a4 functioning peniose phosphate pathway (Heazin
1956, Yauss and Kandler 1962). Therefore, the reaction
catalysed by “malic® onsyme may e a major source of'xﬁﬁpﬁﬁ
in the sbssnce 217 pentose phosphate pathway dehydrogenases.
If this was the major purpose of the "malic" snzyme catalysed

reaction in Ochromonas, then this enzyne prebaibly would noet
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participate in the endogenous metabolism of the crganism
during respiratien in the absence of exogenous substrates,
since reductive bLlosynthesis would not be expected under

these conditions.

rixation of (Ekq} bicarbonate by broken cell preparations

in the presence of phesphiopyruvate.

It was foumd that the nddition of phousphiopyruavate,
in combination with a number of cofactors, to the standard
reaction mixture did not cause a signiiicant increase in
the amount of radicactivity fixed From (1hc) bicarbunate hy
broken cell preparations of (eghromonas {experiment 2, Table
12). The slight inecrease in fixation vbserved when
phosphopyruvate and ADP were added to the standard reaction
mixture was probably aect due to the carbuzylsticn of
phosphiopyruvate. In addition toe belng potemntial substrates
for the carbuxylation reacilon catalysed by phosphopyruvate
carboxykinase, phosphopyruvate and ADP can aleo he substrates
fox the vesctisn catalysed by pyruvate kinssc. This enzyme

was detected in Schrowonas biroken cell preparations { rigure

13}. Therefore some 51 the added phosphopyruvate would
have been gonveried te pyruvate aud significant fizatlon of
radieactivitf already had beon observed in the presence of
this compound {experiwment 1, reaction bj.

Apparently Cchrowmounas broken cell preparations did not
contain phosphopyruvate carboxylase or phosphopyruvate

e¢arboxy transphosphorylase (Freactions & and d, vespectively).
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Also the same preparations did not appear to possess
phosphopyruvate carvoxykinase activity. iHowever a

complete range of wucleoside dipHosphates was not available
and tests for this suzyme were restricted to an axamination
of the effeets of GDP and 4P on the fixation of §1a$}
bicarbonate in the presence of phosphopyruvate., It was
known that all phosphopyruvate carboxykinases examined in
animel tissues were active with IDF as well as 0P {Utter
1960}. ‘The yeast enzyne used only adenosine derivatives
(Cannata aad Stoppani 1959). The enzywe in B. coli wes
speciiic for ADP rather than IDE { imarasingham and tabarger
1955}« Plant enzymes appearsd to be sctive with AR
(Mazelis and Vennesland 1957). In view of the aforementioned

reports it seemed that Jchromonas broken cell preparations

were not likely to catalyse a phosphopyruvate cerboxyiation

reaction speciiic for a nuclecside diphosphate other than

incorporation of (‘hc} bicarbonate inte polysaccharide.

Inm Chapter # it was shown that intact CGchromonas cells

incorporated radioactivity from iluc} vlcarbonate inte

polysaccharide (Table 10). 3ince it was =not possible to
demonstrate a condensatlon of carbon dioxide with
phosphopyravate, then radioactivity wees not transferred
from oxaloacetate to polysaccharide by reversal of the

reactivns catalysed by phosphopyruvate carboxykinase and
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phosphopyruvate carboxytransphesphorylase (the reaction
catalysed by phosphopyruvaie carboxylase is generaily
regarded %o be irreversiblej.

The only other means of iransferring radicactivity from

1“%} bicarbonate to polysaccharide wia diecarboxylic acids

{
was by reversal of the reactlon catalysed by pyruvate

kinase -

phosphopyruvate ¢ ADP cmm——gp- pyruvite + ATP.

Since intect Ochromonas cells lncorporated radioasctivity

L . o .
¢} blesvbonste into alanine, 1t was hpown that

from { L
radiouctive pyruvate could be formed frouw (‘kﬁ} bicarbonate,
as pyruvate was sz obllgate precursor of slanine. The actual
mechanisn of this latter process has been Jiscussed
previousiy. tuite sirong pyruvate kinese asctivity was

&

demonstrated ian ehromonas broken cell preparations by

spectrophotonetric assay {(Figure 13).

The equilibrium of the reunction catalysed Ly pyruvate
kinase was found te be far over in the direction of pyruvate
foruation {(Meguate and Witer 1959). There was & considerable
sneryy berrier o e svercowe il the resction was to proceed
& . o % T P ] -_ ¢ -, & - r ., > c.u e o}
in the diveetion ¢f phosphopyruvate synthesis; ¥ fTor the
reaction as writteon above wmas -~ 0.3 k cal {Burton 1960},

Althwuth the ratio betweeon the maximal feorward and baek
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reactions catalysed by pyruvate kinase was not markedly
unfavourable to the synthesis of phosphopyruvate, it was
found that the enzyme had a lovw affinity for pyruvate
(Mcouaie and Utter 195%). Thess authors suggested that the
concentrations of pyruvate and 4TP necessary for a signifi-
cant synthesis of phosphopyruvate probably weuld aot be
attained in vivo. Honetheless, observations have been
made wiich sugpested that pyruvate carvon did reach
#lycopen via the pyruvate kinase catalysed rezetion
{Utter 1959, Hoberman and D'idamo 1960, Hiatt, coldstein,
Lareau and Yorecker 1958;.

Kauss and Kandier (1962} ovserved radiocactive phosphate

@sters in athanol extracis of Gchromonas cells which had

been axposed to {1bﬁ} wicarbounate in the dark. They suggested
that these phosphuie ssters might be formed in the dari

in & limited way by cyclic carboxylation of ribulose
diphoesphate. in light Ochromonss was found to iacorporate

63&6) bicarbonate primarily Shrough the autotrophic ribulose

diphosphate carboxylation cycle (Kauss and ¥andler 1963).
Sinee these authors had used lighte-grown cells for their
gark-Tixation experiments, then the enzywes i the
sutotrophle carboxylation cycle cortainly were present at
the time of the dark incorporation of (1hc} bicarbonate.
However it was noi known whether the cells saupleyed in the
present investigation possessed the enzyme catalysing the

carbexylation of ribulose diphosphate since these celils
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wore gultured in the dark.
It was shown that iicrococcus denitrificaus,

Hydrogenomonas rulandil and species of Thiolmecillus only

formed ribulose diphosybate carboxylase when these
ciweriosynthetic ¢rganisums were grown sutotrophically { Kornberg,
f'eliins and Bigley 1960, vishniac znd Zanter 1957«

Lascelles (196) Cfound ouly traces ol ribulose diphosphate
carbsxylase in the Daeultative photosynthetic bacterium

Rhodopseudomonas cpheroides when the organism was grown

agrovically in the dark, but cells which were grown
photusynthetically were rich in the enzyme. Oxypen
completely suppressed enzyse foermation even in ithe Lizht,
Pfuller and Gibbs (1952} reported that ribulose diphosphate
carboxylase was present oniy in algse whieh were grown in

light with ecarbon dioxide. Hevertheles: gchromcuas appeared

to Le an exception to the above findings since Lauss and
Kandlex (1?&@} grevw the erganism acvobically in the iight
and demonstrated fixation of {zhc} bicarbonate into 3

phosphoglycerate, ¥n the present investigation Ochromonns

was grown aercobhically in the absuence of light and the cells

ﬁghﬂ} bleurbonste {Chapter B). Radiocautographs

ware aiposed to
were made £rowm ehromstosrams of ethanol extrsets of these
cellse. After 3 minutes exposurs to the isotope it was apparent
that the srea, asnr the ovigin of the two-dimensionsal

ehromatograms, wihere phosphate esters were located was

acyuiring an inereasing proportion of the total radicactivity
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H

on the chromatosram {Figure 1G6u).,
In view of the uncertainty concerning the preasence

of the ribulose di hosphute carbexylation pathway and the
improbability of reversing the pyruvate kinase cataiysed
reaction, it was not possible at the present stage to reach
any conclusions concerning the pathway of incorporation of
(1h€} bicarbonate into polysaccharide.

Only a swmall progportion of the total radicactivity

fixed by intsct Ochrowonas cells was iucorvorated inte

pelysaccharide {Table 10). It was not sstablished whether
this incorporation was the result of a net transfer of
cavbon (o polysaccharide or an sxehanye between carbon
dioxlide and polysaccharide. 5ince the cells were respiring
from endogonous ressurces then the polysaccharide wus eiug
rapidly utilized asnd unet synthesis of the reoserve materisi
would be uniikely under these conditions. Thereiore {‘&P}
Bienrbenste probably was incorporated into the
polyasasccharide by exchange. ‘The puthway of this incorpora.-
tion prouakly reflects the pathway by whieh pelysaccheride
mlght be synthesised fros carbom dioxide in the dark under
conditions favourable for the accusmulation of reserve

mnterials.

Fization of {’aﬁ} bicari:onste by brokeu cell preparations

in the preseace of other dicarboxylic acid precursors.

It was apparent irom the results of experiments 3 and
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b in Table 12 that the addition of syruvate or propionyl
Cos or £TP alone to the standard reaction mixture caused
sisnificent increases in the amount of radioactivity fixed
P o ) (I&nﬁ bicarbonate Ly broken cell preparations of
Qeliroonas . "hen tliese three compounds were added to the
standard reaction mixture in variéus combinstions {experi-
ment 5, veaction d, experiment 4, reactions 4 ang @i the
agounts of radioaciivity fixed Ly the gombinutions were
less than the sum of the amounts of radloactivity fixed

by the ladividusl compounds. Rither the Fixation in the
presence of sach of these ihree compounds was o menifestation
o8 the same reaction or the resciions were different but
involved a commoen reactant (not bicarbonste since this was
present in excess).

Reusction ¢, sxperiment 3 and reactions d and e,
experinent % were repeaited using 50 microcuries of sodium
(gaﬁ} blearboenate, sinece the amouwnts of Padicactivity fixed
in the original sxperiments were insufiicient for the
analysis and ldentification of the radioacilve producis,
The reaction sixtures were treated with ethanol and
partitioned between & chiloroflorm, mothanol and water mixture.
The upper phuse was treated with ion~exchange resins and
geparated into acidice, basic and neutral froctions as
dezcrdved iun the wmethods section. Ty #ll cases both ihe

seidic and basic racticns contained redioactive material
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while the aeutral frection did not. The acidic fractions
were examined by paper chromatosraphy with the solvent
mixture butan-l-ol, wethyl prosan-i-cl, water, {formic scid.
A series of radioasctive gompounds were located on the
chromatograms with the rudiosctive paper-strip scanter

and the Rf wvalues and radicactivities of these Cumponents
are siown in Table 13 experiment 2. Fone o these
radionctive components could be showvn te PUSSBES3 aMino
groupns when they vere trsated with o ninhydrin reagent
{(Toenuies and Kolb 1951}, nor <id they pive a positive

tesi For phosphate when they were ireated with n molybiate
reagent (Sandurski and sxelrod 1951}, alate {compound =)
was the oniy one of ithese radloactive compounds which could
be positively identified Ly paper chromatozraphy with at
teast two selvent systems and radicantography « The

mobilities of the wajor redicactive eomponents and some

B
P

fhentie markers chrwmatographed with three solveatd ﬁysfema
are listed below.

Solvent 1 vas the butanol, wmethyl provancel , watea,
formic seid mixture of Lada ad “ussal (1954 aux! the volues
ilsted under this solvenil are the same as those air&ﬁdy
shown in Table 13. Selvent £ was the butsnol, pyridine,

2]

seetlc acid, water misxture =78 loldsworth {1961} which was

tezseribed previously. solvent 3 sousisted 0 propotieZeole
ammonia {S.6. 0.85}) -~ water (i1h:1:5 by volume) (Cheftel,

mnier apd Machebooeul 19525,
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Solvents

Hy Hsuccinate ng
titrate Uo 4 .35 D1t
“ujate Oe41 .47 0.22
“uceinate Ua70G 3,00 a7
Wothyl malosete heti2 3o G0 0,24

Muarate Ga.8%7 Q.73 .51

¢ €3 e ¢ 3
0. 740 - G, 22
%Y s P
g .81 e TH -

o

ractions contained 78, 84 and 76 per

b

ceal o the total radiosciivity fizxed iu resctions b, ¢

¥

exposriment 2, Table 13. The rest of

the radiocunetivily was conitalned in the basie {ractions.

Tris was separated from the radioactive comwponents in the
Lasle fractions Ly vaner elecivopboresis and then the
radionetive conponnds were separated by paper clirouatography
with & butan~-Z-cl, smmmoenia, vater solvent. oOne radicactive
compomurt accounted or spyroximately G aer cent of the
totel vediosebtiviidy in the besiec frection of sll niztures

of axperiment 2. Three other components separsted osn the

chromabtograns only contained trace ameunts of vadiomctivity.
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The major radioactive compounc of the basic fractian Lave
the charneteristic colour reaction of an zmine acid witen
it wus treatod with alnhydrin {(Toennies and ¥Yolb i95%1;,
however it could pot be identified with a number of known
aming acids. The mobility of the unknowu compound and
several authentic amine acids with three scivent sSysienus

are listed below.

solvents

Unknown 0.21 $e32 a34
Glycine 2% T De3%
Serine (2o 2 D51 .37
AManice €2 o i3 - Go B2

Asspertie acid e l¥ edG Cu3h

Clutamic sodd Ged 236G Gait5
R el 8 . &4 w R e
Lsparegine e i el {le 20

Slutanine s 18 a3y (h o 33
Srpinine 008 TDel15 -

gamma=isine Sutyric - Go % -
aeld

Seivent 1 was the methancl, batanol, water mixture previsusiy
described amd solvent 2 consisted of ethaccl-butanel-water-
dicvelehexylamine (16:10:%:2 by volume) (Hardy, Helland and

2

avier 1933, Bolvent J was the wethsunol, water pPyYridine



mixture of Redfield (1953},
it was spparent from experiments 3 and 4, Table 12

that Ochromonas broken cell sreparstions were able to

catalyse at least osne other primary garboxylation reactien
i addition to the resciion eatalysed by “malic” enzyme.
Howevar it seewmad that the crude broken cell preparetion
was capable of converiting the products of the fixation
resstiong o a aumber of other unidentified compouncs.
Therefore it was uwot possible to define the primary

carvexylation reasction under these conditions.

- + 1 i" —_— G . ) Pl " y 5
Bietin and { o) bicarbonate Ffixstion by fchromonas.

AL

fhe diztrivation of radivactivity swong the compounds

found in ethapol extracts af norwmal Ochromonas ceils vwhick

_ 1., . _—
had been exposed to (¢} bicurbonnte in the dark wae

greatly altered when biotin-deficient cells were sauploved
{Eauss and Yandleor 1962). 7The biotin-defieient cells were
charsoterized by & complete inablility fo iacorporate
fpdgioactivity frow {iaﬁé blecarbonate into aspartic szcid.
At the same uime the smount of radioscilvitly incorporated
into =malaie and cltrate by the deficient cells was only
appyeximetely 40 and 29 per ceni, respectively, of the
amount lncorporated by normal gells,

»

The effect ¢f avidi, an ishibitor of blotin activity,

4

A 14 - , .
o the incorporation af £ () bicarbonate by Uchromonas

proken cell preparations was oxamined during the present
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investigation.

Preincubation of the broken eell preparation with
avidin failed teo alter simificantly the guantity of
radioactivity fixed in the presence of pyruvate and
ﬁAnPﬂz {experiment 1, Teble i Y riowever preincutmtion
with avidin caused & reducticn of approximately 70 per cent
in the amount of radioaciivity fixed by the broken cell
preparations iu the presence of either syruvate opr ATP
or propionyl Coi {experiments 2, J and %). Tt was

spparent that this effect of avidin was due specifically

o

¢ its pioperty of binding biotin since avidin which had
Daen treatod with an exeess of Liotin failed to causs eny
significant reduction in the awount of radicactivity Fixed

T

from £} bicartonate in the presence of pyruvate,
propionyl Coi and AT¥F. {colusn 3, Table 177
The fnability of avidin te exert any effect oa the

activity of Ochroamonss “malic® gnzyme was in ascord with

a previcus report [Kazire et al. 1560). Rotin did aspear
to Bave & role in the uwadefined carbexylation resciion

viiich was eliclted by the addition of gpyruvate, prosionyl

Coi oxr ATPF to the breken cell preparation. ‘iotin has been
implicated in the carbou dioxide Tixation reactions cabnlysed
by the onzymes pyruvate carboexylase {Utter ami Leech 1560}Y,
propionyl carboxylase {Faegire et ai. 1960) and methyl malonyl

Coi 1 pyruvate carboxytransferase {$wick and Wood 1960},



Thus the undefined earboxyviation reaction might have

heen a manifestation of the acitivity of one of these

three enzymes in the (chromonas broken cell preparation.

Conclusions.

; o - 14 . o
Cehromonas walhanensis fixed { ¢) bicarbonate during

sndogenous resplration wn the absence of sxogenoasly
furmished autrient. Thereiore fixation of carbon dioxide
gould explain why the R.G. of endogenous resplration was
flesas than 1.0 when this wvalue wos determined iy & olosed
system.

Durdang endogenous respiration intact cellis incorporated
§§&?§ vicarbonats primarily inte soluble intermedintes.
The resainder of the ﬁadiuaﬁtiv‘%y'fiﬁa@ by the celis was
direeted mostly inio protein; lesser amocunts were in the
polysaccharide regerve matorinl. /Aspartats was the Lirst

(%&

gtable radicactive product FYormed fron ) bicarbonate
by imtect cellis.
Hroken cell proparaticas of Cehrowmenas were able to

Y
fix (P

&Y biearbonate by means of at lsast twoe carboexylation
reacticns. one of these reactions was found o produce
malate by an HADP- linked reductive carboxylation of pyruvate.
Tris reaction was roversible and spsclfic fox TalP,. in
these respaects the reaction was similar o those catalysed

by "malie” enzyme 0f plant or aniwmal origdn ang it was not
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akin ¢ the "malic” enzyme reaction occurring in

tacitobacillus arabinosus.

The oether carboxylation reactions catalysed by the
broken cell preparatiocns were aot defined. The crude
preparation used to demonsirate these carbozylation
reactions converted the ilmvediate products of carboxylation
t0 a mumber of other compouncs s¢ that the primary reactions
wvere sbsoured. Heoewever it wae apparent that theve were Lwe
of these wdelined carbexylation veactions and both were
pigtin depencont.

The broken gell preparations contained considerable
sumounts of "malie" enzyme. llowever the resulis of {’&a}
bicsrbonate ingorporation experiments with intaet cells
indicated that this enzyme was not active, at least in
catslivalng carboxyiation, durving endogencus respiration,
The same hroken ¢ell proporations wvere uuai:le o catalyse
the varboxylation of phosphepyruvats in the presence of a
mmaner of likely cofactors, Therefore the undefined
carboxylation rezetions waere left o agecunt for the
incorporation of {i&&2 bicarbonaie into exaioscetate and
hence into aspartate by & transamination rosction. ir
carboxyiation of phosphopyruvete is discounted then pyruvate
cartoxylase catalysei ithe only otier kuown Liotin-depondent-
carbexyliation resctlion where sxaloacetate wis o direct
product. typuvate did apperr (o be a participent i sne

of the undefined carboxyilation reactlons but there was no
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other evidence to indicate that this reaction miysht be
satalyssd by pyruvate c¢arboxylase.

It was evident that some purificuition ol the broken
cell sreparation would be snecessary hefore the nature of
the wndefined reactliens might bHe determidned. If the
SNZYmes concernesd were sasocliated with the particulate
components of the cell, the {irst step in purification
would be te selubllize these snzymes. Thes the usual
procedures «f salt or solvent fractionation might be
suffleient to separate the carboxviation enzymes in the
soluble preparction from the enzymwes eatolysing conflicting
reactions. ‘However precoutions would heve to be taken ia
eusure the maintenance of thivl groups during those
procedures since it was Tound thet thiol grougs were
gasentiul for the activily ¢f the undefined carboxylation
enzymes {Table 14). L one of the undefined reusctions
wan satalysed Ly pyravate earboxyiase and this enzyme had
similaxr properties to ite counterpart in svian liver

{Utter 71961}, then the marked lability of the engyves would

o,

e a further ilwmpediment o purification.

These investigations have established that Jchromonas

maplhomensis was capable of fixing carbon diozide during

endogenous resparation in the sbsence of other exogenous
Carbon S0uUrtos. The possibilivy of enrboa diozide fixation

guring endogenous respiruation of micrv-orsanisms is not
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well recognized. Therefore, when the carbozviation
resctions are properly defimed, it would e of interest
to investligate what role carbon diexide has in the endogencus

matabolisem of Ochromonas.
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