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(i) 

ABSTRACT 

All the work has been done with the photosynthetic microorganism 

Rhodooseudsomor sobssidej. On incubation under suitable conditices 

large amounts, of an amincketone*  ithich has been identified as sminoacetcaut, 

aocusulate. Although sednosoetone is an analogue or b...aminoleavulic 

aoid it has r effect on engine reactions involving 6..aminolaevulic aoid*  

nor has it any significant effect on pot run or bacteriochloropbyll 

biosynthesis in whole organisms. 

Two diphosphopyridine asseleotide engines have been fbund. Oe 
converts threcedne to amiroacetoma, the other dehydrogenates 

fi.ohydroxybutyric acid. These enzymes have been partially purified and 

their properties studied. 

An 	alanine•b.-aminolaevulic acid transit:adman. has been discovered 

end its properties investigated. It is possible that it plays a part 

in the ocsatrol of parphyrin and bacterioohloropbyll, biogyntheels. 

The *treat of various growth conditions which are unfavourable fbr 

baoteriochlorophyll biosynthesis • biotin*  nicotinic acid and thiamine 

definiencxyb  and growth in aoetate • has been studied. Under all these 

ooniitions the specific activity of Eti.eminolaevulic acid aynthetsse is 

reduced when *capered with the activity in mania= grown u14er optimal 

oonditions. In acme of these conditions ii•sminolsevulia acid debydrase 

activity is also reduced*  while the activities of the three emotes 

mentioned above are unaffected. 

Ethionine and threonine, alone among a large amber of txopounis 



tooted, inhibit bactexiochloraphyll synthesis ar d s' Mate aommulation 

of free porphyrins, when added to organisms ilbaminated in a medium 

ccaitaining aftexogintarate 	glycine. This effect is specifically 

reversed by methionine and homocorsteine. Results with radioactive 

methionine liuggest that it donates" its methyl group directly to form 

the methyl ester group  of beoteriochlorophyll, and this is probably the 

step blocked by ethionine and threcmine. 

Haman has been found to inhibit 6-.aminolaweclia 	Mesa, and 
protoporphyrin, 64-amingaevulic avid dehydrase, II ceLli..fres extracts. 

These reaults, together with those of other workers, suggest 

possible mechanisms by which Rhodommudoaansp foheroides corttrols 

biaateriochloraphyll bioeynthesis. 
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INTRODUCTION 



INTRODUCTION 

The first clue to the mechanism of porphyrin biosynthesis was 

obtained by Bloch & Rittenberg (194.5) who showed that Iambi  isolated 

from rats fed with deuteriosoetate ccntained significant aonoentrations 

of deuterium. This was followed by the reports from Shemin & Rittenberg 

(194.51 1946a and b) that feeding 33N labelled glyoitxt to man or rats 

resulted in a relatively high isotope content in the porphyrin moist/ of 

haemoglobin. 111arther studies by Wittenberg & Shemin (1949, 1950), Shemin 

& Wittenberg (1951) and Muir & Neuberger (1949 1950) showed that all the 

atoms in protoporThyrin, derived from haemoglobin, were supplied by 

acetate and glycine end strongly suggested that moll of the four pyrrole 

rings in the porphyrin molecule was derived from a common precursor. 

On the basis of their results Shemin & Wittenberg (1951) postulated that 

acetate was labelling porphyrin by being converted to a succimil.coensyme 

complex and that this =pound plus glycine were the direct precursors. 

Rridenoe for this was obtained using 13-suocinate (Shemin & Mean: 1952). 

It was then realised that all the experimental findings could be 

explained if it was assumed that a suooinyl-coensyme complex condensed 

with glycine to form ou.aminolatrulic said (ALA), that two molecules of 

ALA condensed to form the pyrrole precursor, and that four molecules of 

pyrrole °condensed to !km the porpbyrin ring. The various porplwrins 

could then be formed by modification of the side chains on the four 

pyrrole rings. 

b-Amimolaevullo acid vas synthesi.sed, tested in animals, and its role 
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as an intermediate in porphyrin synthesis demonstrated (Shemin & 

Russell, 1953; Neuberger & Scott, 1953; Drexel & Falk, 1956). ALA was 

found to be an intermediate for porphyrin bionynthesis in the photo. 

eynthetio microorganism Rhodonteudirsapnas woheroidtes  by Laseslles (1956). 

Since then work with partially purified fractions of animal and plant 

tissues and with mioroorganisma has confirmed these findings and it is 

probable that the same biosynthetic pathway for porphyrins is operative 

in all organisms. 

The next stage of the researoh dealt with the elucidation of the 

onigneic steps in porphyrin synthesis and these are sheen in Pig. L. 

In the first step suoolnyl-coensyme A condenses with glycine to 

form ALA. The enzyme responsible for this step, ALA eynthetass, was 

described in chicken er7thxvoytes (Laver, Neuberger & Udenfriend, 1958; 

Gibson, Lnver & Neuberger, 1958; Brown, 1958), in rabbit retiouloartes 

(Granick, 1958) and in Rpm. spheroid.. (Gilman, 1958; Kikuchi, Kumar 

Waage & Shoed% 1958). The postulated first product a-amirone•ormadiplo 

acid is extremely unstable under physiological coalitions, rapid3y,  losing 

CO2  to form ALA (Laver, Neuberger & Scott, 1959), oonsequently its 

presence has never been demonstrated during the ensymio reaction. The 

enema requires pyridowal phosphate. It has been purified forty to eighty 

times and a mechanism for its action reopened (Kikuchi, MAW" Sheidit,195$ 

The conversion of ALA to porphoblIinogen (MG) is catalysed by ALA 

duhydrase. This tinny= has been obtained in a highly purified state frail 

liver (Gibson, Neuberger & Scott, 1955) and its presence has also been 

reported in Rix!. spheroid's (Neuberger, Scott & Shuster, 1956), in 



Chloral& (Bogorad & Granick, 1953), in spinach (Begorad, 1955) and in 

rabbit reticulocyranick & Mmisera11, 1958). 

The ne--A('step has not been so olearly establi  shed. It was thought 

that porphobiLinogen was converted to uroporphyrin, and that the porphyrins 

were the intermediates in further transformations. However, evidence 

accunulated that the porphyrins themselves could not serve as Lubstrates 

(Heath & Hoare, 1959) and it was found that the porpkwrinogens, which 

contain methylene bridges between the Rirraes instead of the teethe= 

bridges in the porphyrins were the true intermediates (Granick & 

Maussrall, 1958; Bogorad, 1958o; Hoare & Heath, 1958). 

Graniok & Mouser&11 (1958) obtained from rabbit reticulooytes a 

porphobilinogenase tohich **averted EEG to uroporphyrinogen 

Boilorad (1958a and b) isolated two enemas from plant sources which are 

involved in this step. One, lig; deaminase, probably converts ISG to an 

intermediate which is then acted on by the second, uroporphyrinogen 

isomers.se, to form uroporphyrinogen III. 	The mechanism of the overall 

reaction is not known yet, althougt 'Deny hypotheses have been advanced 

(Bogorad, 1960). 

Uroporphyrinogen is converted to coproporphyrinogen by a 

uroporphyrinogen decarboxylase (Gre.r4ok & Mouser&11 1958). 

The formation of protoporphyrinogen from coproporphyrinogen is 

catalysed by a coproporrhyrirogen =Wass, partially purified f'run liver 

mitoohandria by Sano & Graniok (1961). Oxygen is the only oxidant used 

by this enx es. An etwmio oxidation of protoponhyriregell te, 

protoporphyrin was also deteoted in mitochondria by Saw & Granitic (1961). 
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Fig. 2 Stxuciuree of the major piypents of Ithodoraeudesnonas "spheroidal 
and of the_pkrtol group of baoterioohlorophyll  

Booterio0loroohl1it  

Red oarotonoid 



Loahhead & Goldberg (1959) observed the eniumio incorporation of iron 

into protoporphyrin in a number of Inman and rat. tissues, and Labbe & 

Hubbard (1961) isolated an eneyme in soluble form from rat liver 

mitochondria which catalyses the incorporation of re2  into protoporphyrin 

to forulkmwm 

The pathway leading to the magnesium porphyrinse, ohlorop ll and 

bacteriochlorophyll (whose structure is shown is Fig. 2), which is the one 

of interest In this study, is not well worked out. None of the enzymic 

steps are known and the order of the intermediates is that proposed by 

Graniok on the basis of his work with mutants of Chloral*.  Graniok 

(1946a and b;. 1950) found that protoporphyrin, Mg protoporphyrin and 

Mg vinyl pluLeoporphyrin a5  aocumulatwd in different mutants of ciactraust  
which were unable to form chlorophyll. Reoently Graniok (1960, 1961) 

identified Ng protoporphyrin =methyl ester and protoporphyrin morometbyl 

ester in another natant of Chloral*,  and detected Ng protoporphyrin 

raceximethyl ester in barley seedlings incubated with ALA. The first two 

steps in bacterioohlorophyll qynthesis presumably involve formation of Mg 

protoporphyrin moromethyl ester, but it is not known in which order the Mg 

and the methyl group are added to protoponbyrin. The next steps 

probably involve formation of the isocwoLto ring between the propionio acid 

methyl ester side chain of ring C and the methene carbon between ring C 

and D, to form Mg vinyl phasoporphyrin a5. Four or five enzymic steps 

may be involved, but no intermediates-  have ever been detected. The next 

step appears to be the addition of the phytol group to the prapionic acid 

side chain on ring D to form Ng vinyl phaeoporphyrin a5  phytyl ester, 



which is then converted to thloroPhyll a by reduction, andfromthere 

to bacteriochlorophyll by oxidc-reduction" There is .some evidence 

(Bmith, 1960) that, ohlorophyllide' a is, phylvlated to form chlorophyll a, 

and Bogorad (1960) has suggested that bacteriochlorophylI is not formed 

from chlorophyll a but is derived frcet coproporphyrin instead of from 

protoporphyrin.' 	ActotuatUtica of ccopounds when biosynthetic pathways 

are blooked does not necessarily mean that theme compounla are the true 

intermediates. This has ,already been shown for parphyrin biolynthesis, 

where the porphyrinogens are the true intermedlates, ankfor a number of 

other biosynthetic pathways including p.zrine biosurthesie• (Bucherenti 1958). 

Therefore, tea much reliance should not be placed on the pathways proposed 

above, leatiing from protoporphyrin to bacterioohloropAyll• 

The origin of the methyl ester group in chlorophyll was studied by 

Green, Altman, Bichmond,& Salomon (1957) who allowed.  that Mtwara grown 

in the presence of lit-formate, incorporated label into the methyl ester 

group, but not into the rest of the chlorophyll molecule' 

The origin of the phytol gruip  is not known. As can be seen. in 

H.g. 2 both phytal and carotersoids (the major ctarotenoids of. En., 

sarroidep are shown) are very similar structurally. Other. terpones 

have been shown by the studies of Bloch, Lynen, Fopiak and their co.wozions 

(Lynen & Henning, 1960) to be 'viral:eased from mevalonio mold and it is 

probable that phytol and carotenoids are ,also synthesised fruit meeslonic 

acid. 

OoFtrol mechanism. It is probable that in organisms enzymic 

reactions do not occur at random rates and numerous Observationa show that 



there are mechanisms whereby organisms can control their metabolic pathways 

so that they do not 'waste their resc3urcee in making compounds they do 

not require, or even in making oomspaunds they do require in excess 

amounts (Pardee, 1959). Alteration of the groith conditions, which 

changes this requirements' of organisms, 'evoke's' ressi;onses from the control 

marthanienii, Shirk allow the organisms to 'Maki the 'beat use of the new 

conditions. While 'the 'presence of Control mechanisms is fizway 

established,' the 'elvissidatisisi of their mbar. 	still in its infancy. 

One of the Main diffimatisis is to reprixIxioe in vir  conditions in 

experiments' intro,  and when results have been obtained to relate theta 

back to condition's in the 'whole organisms 

Sines metabolic reactions are enayme 'oatal,ysid, the activities of, 

enzymes and,  their absolute amounts are of very great importanos. For 

instance 114 oxygen tension, availability of substrates and of cofe.otors, 

and' the pressen°, and isbaanoe of inhibitors CaO afloat the activity of 

errs. The absolute imosuits of monies' can Asa be aftectea by these 

Factors« For isrample, same ensofmei, such 'as lysixia decarbosaaase (Sher & 

Mellott.; 19514 appear to have only a limited stability in viva  and mat 

be constantly-renewed. In vitsO  max* sirisymesi are unstable in the absence 

Of their cofactor, and this may happen in vi‘W",  the presence of cofactor 

net only controlling the activity of the siugrmsi•tut also the swat hes/a 

and stability of the apoensyses (Lichsteisi, 19561 Burch, Lowry, Padilla 

Combs, 1956). 

The localisiation of enzymes of a pathway in different cal 
may also play a part; the movement of Substrates from one enzyme to the 



next depending on the permeability of the partiole membranes. In 

e&  tion, compaulds which are intermediates in vaxce than one pathway will 

be metabolised by the pathway'favoured by the prevailing conditions. 

These control mechanisms, althou101 known to operate, axe difficult 

to evaluate cluautitatively,, anti the mechanisms which appear to be most 

Important are enayme induction (adaptation) and newitive•ifeedback control. 

Ewes induction, or adaptation, occurs when the organism synthesises 

a large amount of elm= response to the addition of a substnite, 

or in general, a. compcund closely related to the substrate, although the 

enviroe may not be present in detectable amounts in the absence of the 

aubstnite. Sequential induction also occurs when the product formed 

by the first induced enema, induces the next swum, in the pathway, and 

so on (Cohn & Mond, 1953). While moat adaptation studies have been done 

in micro-organisms, a efmilar phoneme= has been observed in animals 

(Knox, Auerbach & Lin, 1956). 

Negative feedback control involves inhibition of the action of, or 

repression of the synthesis of, the early Gnomes in a biosynthetic pathwa 

by excess of the end..prodnot of the pathway. This has already been 

demonstrated for the biosynthesis of arginine (Vogel. 1957), pyrimidines 

(Yates & Pardee, 1957), tryptophan (Gibson, Jones & Teltscher. 1956), 

isoleuoine (Umbarger & Brown, 1958), wrings (Wyngaarden & Ashton, 1959), 

histidine (Ames & Garry, 1959) and methionine (Mrburg & Woods, 1961a ardb 

Various observations have shown that mechanisms do exist for the 

control of porphyrin pigaent synthesis, and acme base indicated woo in 
which they act. 



Shemin & Russ 	(1953) found that in rats administered ,ALA labelled 

with 40 in the' carbon atom bearing the amino group, the label appeared 

in respiratory 002 , urinary formate and in •the ureido iczNoups Of. 'uric acid. 

To explain this they proposed that .ALA was metabolised by a cyclic pathway, 

the exact:anat.-6170in* cycler, in the process's of which ons.earbon fragments 

were released. More recently direct evidence for this pathway was 

produced by Kowalski. Dancewios & Sant (1957) • ICawalski•.  Danoceios• Sact•  

Lipinski 8: Rosiek (1959) and Bagdasarian (1959)* who detected. ALA 

tranaaminases 'in mammalian tissues and in Oormetacterium dichtheriike. 

The quantitative importance of these reactions is not known but they meg 

compete with the reactions of porphyrin ayntheaia for ALA. 

Lasoelles (1956) found that on illumination of RDAs sioharoides,in a 

medium containing c.•oxoglutarate and glycine•  porphyrinas  mainly copra. 

porphyxvin were excreted into the medium. Organisms previously grown 

in a medium deficient , in biota ne, amt.-into acid or thiamine did not form 

porphyrins under these conditions unless the missing factor was added. 

The first careful study on the effect of growth conditions on 

baoteriochloroplyll and carotenoid produotion by Roll. *heroldes was that 

of Coheroaazire•  Slats .= & Stonier (1957) Who shoaled, that organisms green 

aerobic al3y in the dark in a medium containing =elate contained little 

pigments  while those jp:own anwarobioally in the light in the same medium 

were highly pigmented. Transferring organisms frau the dark to the light 

resulted in pigment tornthesis after a. lag phase. Addition of oxygen to 

organisms growing and forming pigment ans.erobica3.1y in the light inhibited 

pigment athesis imsediately•  but did. net  inhibit growth. Removal of 



the oxygen then resulted in an immediate • synthesis of pigment, Increasing 

the light intensity had the same effect as addition of oxygen and lowering 

the light intensity the acme effect as removal of, oxygen. Organisms 

grown at a low light intensity weft more highly pigmented than ones grown ti  
at a high light intensity*  the pigment content being approximately 

inversely pm/optional. to the light intensity. On the basis of this they 

euggested that the synthesis of becteriochlorophyll ard carotenoid, both 

of 1dt-tab are &treated equally by the various oovditione, is controlled 

by the state of oxidation or reduction of the eleatron•transport chain. 

Lasoelles (1959, 1960a) analysed these conditions more closely and 

found that organisms grown aerobically, at a high coorgen tension, not 

only contained such less pigment than those grown photosynthetically, but 

also contained only a quarter of the ALA wnthetase and ALA dehydrase. 

On growing these organisms anaerobioalky in the light or at a low oxygen 

tension in the dark, pigpent was formed and the specific activities of 

ALA synthetase and ALA dehydrase increased. This adaptation could be 

blocked by protein synthesis inhibitors. Addition of oxygen to organisms 

growing anaerobioally in the light not only inhibited pigment synthesis 

but also inhibited ALA iwnthetaae and ALA dehydrase synthesis, and 

increasing the light intensity had the same effect. Removal of the oxygen 

reversed these changes. 

Lasoelles (1956) reported that edition of iron to Ross enheroAdes 

illuminated in a medium containing a•cotoglutarate and glyotne inhibited 

porphyrin excretion, and more recently (LasceLlest  19604 she round that 

haemin and ALA, added to cultures cawing in the light, repressed the 



synthesis of ALA. synthetase and ALA dews 

Kilatchi et el. (1958) reported the presence of a heat labile 

inhibitor of ALA slynthetase in extracts of aerob4cal1y grown 

Rosa eroheroides but not in extracts of anaerobically grown organisms, but 

Lasoelles (1959) cmtald not repeat this firding• 

Sano & Grants* (1961) postulated that, in liver, perpkyrin synthesis 

is controlled by the permeability, either active or passive, of the 

mitochondria, since ALA is synthesised in the mitochondria, ALA is 

converted to oaproporphyrinogen by soluble enewmes, end protoporphyrin 

is formed in the mitochondria. 

The organismrused in the studies to be reported in this thesis is 

the photosynthetic microorganism 111 eFheroides, which is a member of 

the nonioaulphur purple bacteria Athiorodaceat. This .organism has been a 

popular (bolo. for work on porphyrin synthesis and on the control of 

pigment synthesis, mainly due to its ease of growth both a.extbioally and 

photosynthetioally and to the fact that it. contains relatively hie: 

concentrations of the ermines of porphyrin synthesis and of the porphyrin 

pigments themselves. Roe. spheroides can grow both aerobically in the 

dark and anaerdoicaliy in the light at the expense of a number of simple 

aliphatic) acids or alcohols. 

Initially the object of the work was to investigate the role of 

biotin in the synthesis of ALA., since Lasoelles (1956) had indicated that 

biotin was involved in the production of ALA., but not in its Another 

metabolism to porpiwrins. ALA eynthetaae has not been closely studied 

previously and since its action involves a decarboxylation and most biotin 



engymes,. so far described, catalyse carbozylations, it was thought that 

biotin might be  riaired for the condensation of succinyl ,CoA.. and glyoine 

to tom ALA. Although the ALA syntheties activity is reduced in biotin 

deficient this is not a specific effect,. as other ureavourable vow/9th 

conditions also reduce the activity. These results, together with those 

obtained using avidin, show that the AL& synthetase is not a biotin enzyme. 

The work has developed into a study of various aspects of porphyrin and 

bacteriochlorophyll biosynthesis including contra mechanisms. Arnim. 

acetone, another adoeminoketone, is produced in relatively large amounts 

under suitable conditions. A powerful LoalanireedALA. transaminase has 

been discovered. Ethionine end threonine, alone among a large member 

of compounds, inhibit bacteriochlorophy1l menthol/is and. greatly stimulate 

excretion of porphyrins. Some evidence has been obtained that the 

nnet ester group of bacterioohlorophyll is donated directly by 

methionine, and that this is the step blocked by ethionine and threonins. 

FLassin has been founi to inhibit ALA gynthetase activity.  in °endorsee 

extracts, and protoporvhyri.n to inhibit ALA dehydrase activity. These 

remits and those of other workers have been used to discuss possible 

mechanisms for the control of porphyrin, bacteriochlorophyll and oaxotemmid 

synthesis in RAS* 'spheroid's. During the course of the wok a threonthe 

detydrogenase, whioh converts krthreonine to androacetonei  and' a 

p-hydroxybutyric acid dehydrogenase have been diecovered and sane of their 

properties investigated. 



MATERIALS AND METHODS 
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MATERIALS AND METHODS 

Chemicals 

Oxidised diphosphopyridine nucleotide (DPN*), redmoed diphospho-

pyridine naoleotido (DPW), writi4morl.triPhoP0h0Wridine  MU0100tia0 (Tie) 

a..oxoglutaric acid, sodium private, adenosine triphosphate (A!IP) and, 

reduced glutathions (GBH) were obtained trcm Boshringer & Sochi*, . 

Mannheim, Germary deamino•DPN, 3•acetylpyridins.DPre and Diehcsooysteine sa 
thiolactone frau Maim Research Laboratories, Inc., New York; coenswme A 

(CoA, 	Fare) and avian (2.5 units/mg. protein, 1 unit of avidlu 

combiner with 1 mg of biotin) from thdritional Bisohentioals Corporation, 

Cleveland, Ohio; pyridoxal 5..phosphate, kbiotin and kethionine from 

Raabe Products, Ltd. *  Welwyn Garden City, Herts. ; kethionine, rethionins 

and 1 0.hamoserine from California Corporation for Bloob.esical Research, 

Los Angeles; it-[methyl-litisethionine and 11L-(2)40]moralono3sotone from, 

the Radiochemical Centre, Amersham, Bucks. erhreonins, rallothreonise 

and D-)allothreonine were very kindly sipplied by Dr.  D.F.  Elliott, 

National Institute for Medical. Research, Mill Hill, London, N.W. 7. 

6.4minolaevulic acid (ALA) was prevailed by the method of Shemin (1957). 

Aminoaoetone was prepared by catalytic hydrogenation of oximimaostons, 

followed by reorystalliuution from ethanol-ether. Y-Amino-5'..hydnewm-

butyric acid was prepared by Dr. J.B. Neilands (Neilands, Neuberger & 

Scott, 1960). Preparations of avidin (4.9 unite/mg. protein and 

9.6 unite/mg. protein) were supplied by Dr. N.M. Green. Ovelbumin and 

ovumzooid were supplied by Dr. R.D. Marshall. Vb•Diorovaleric acid was 
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prepared by Dr. A.T. Csrpenter, and methylglyoxel by Dr. J..7. Scutt. 

Dimetbyl protoporpbyrin and protoporphyrin were prepared by the method of 

Grins-Win (1947), Mg protoporphyrixt dimethyl ester and Ng protororphyrin 

by the method of Grenick (1948b), and haemin by the method of Fischer 

(.955). Succirvfl-coenzipne A (tolooixiy1-0oA) was prepared by the method 

of Simon & 8hemin (1953), acidified.to pi! 3 with 801, and kept frozen 

until rewired. The values quoted for accsoirryl•OoA are based on the 

awe unt of CoA used, e.saczaing it to be 7C% Pim Phosphate buffers were 

made from XR21704  end X211E04. Trim buffers were.prepared from 2-11mino-

24ydroxymethylpropenedas3-diol and. 1101 (Gcmori, 1955). 

Ippill110 

The strain of Rhodonseudacone.s ilpheroldes was obtained 'from Day 
Lasoelies (National Collection of Industrial Bacteria EN. C.1.13.] no.' 8253). 

Growth of orwanifis. The organisms were maintained in stab culture 

exactly as described by Lamelles (1950. 

Anperobio laterthe in au experiments, unless otherwise stated, organic= 

were grown semi-exuezobirAll.y in the light at 32  0. 34°  for 44 hr. in 

Medium 8 of liasoelles (1956). The 41Thrairation was supplied, and. the 

temperature maintained by 60 watt bulbs planed at the appropriate distal= 

from the flasks. Cultures were grown in 500 ml. or 1000 ml. lots in 

conical flasks. Organisms gram anaerobic/01y under conditions of 

vitamin deficiency were grown exactly as stated above, except that the 

vitamin concentration in the medium was reduced* The vitamin 

concentrations for normal gsowth  aim biotin 4 x 10"8110 nicotinic acid 



8 IL ID t, and thiamine 3 x 16 64. Acetate...gram orsod.tmeynsre porn 

anaerobioally in the light as described above except that the malate 

(.02 11) in Medium $ was replaced by acetate (.4 1) plus bicaitoonate 

(405 201 
Aerobes growth  in the dark ,roe in Medium S, eraptly as described by 

Lascle.Lles (1956). 

Ocaplete anaerobiossis is not essential (Lamellas, 1959) and in all 

the work anaerobic actually means semi anaerobic, the illuminations being 

done in an atmosphere of air but without oinking. 

Higvestins\  of organisms. At the end of gmeth the organisms 

harvested by centrifisgation at 00, washed with a volume of .05 ii phosphate 

buffer, lit V*, equal to half the original culture volume, aM suspended 

in buffer at a ooncentration of 80 seg. dry wt./4. This suspension 

was kept frozen at -.20G  until required. 

Procedure fOr the study .of porctrrin synthesis frith 
masoenatens of orgAleras 

83inthests from ogioxox.ltutartite and glsoine. The washed cells were 

suspended at a final concentration of 1.0 mg. dry wt./all. in Mixture 

of 14110,1100 (1956). Incubations were done senismanaerobioally in the 

light for 18 0,  24 hr. at 32 345' in 100 x 10 rem. tubes containing 5 ea.• 

of reaction mixture. The heat and light wars supplied by 60 watt bulbs 

placed at the appropriate distance fray the tubes. This medium will be 

referred to as Mixture It  and the abcm, oontittiora as standard 

illumination conditions. Any variations will be described at the 

appropriate place. The composition of Mixture I is a-cnoglutarlo acid, 



0.01 MM; 	0.03. 14; ftwario acid, 0.02 xi 	0.003 11 
Ife04., 8 x 104414 0a012, 14. x 1041111 MrC3.2. 5 10A; phosphate buffer 

pfl 6.8. .006 A. The pK was adjusted to 6.8 with Nein 

the 	 The conditions used were 

exactly as deeccribed above. i fixture X S differs from nixtxre I in 

containing encinic acid (.01 yr) instead of cp.oroglutario acid. 

p_arntilesig frau k.oeminolaevulic acid. The washed cells were 

illuminated in Mixture II of Loscelles -(3.956) using the same conditions 

OA for illumination in Mixture I. This medium, ,which will be referred to 

as Mixture /I, ocettairis AMP -2 x 31014  Me04., 8  x 	end phosphate 

buffer phi 6.8, 0.1 lg. 

Lion of *MOW erstrkets 

s for disrupting the organisms have been used. Suspension 

oontaining about 1/40 mg. dry tart./ml. were disrupted ultrasonically 

(milliard Ultrasonic Generator, lzipe E 7590A, MuLlard Ltd. # London, W.0. 3.) 

for 8 min. at 25' kg/Mc. Alternatively, suspensions, 80 mg. dry wt.,/sal. 

were disrupted in the /lashes Press (Itigbea, 1951) axe  then Muted with-
two volumes of buffer. The remelting suspensions were centrifuged for 

90 min. at 105,000 g. in the Spinco Model L Ultreoentriflige, and the •clesr 

supernatants moved. These crude enstime extracts, which are clear ysliow 

in colon., were put in the deep freeze, either immediately or after 

dialysis against .05 pIxopbate pg 7.4 at 40  for 17 hr., aril kept until 

required for assay. 

Most of the experiments to be described were performed with *name 



extracts prepared by the Hughes Press method, and this can be assumed to be 

the method used unless otherwise stated. 

Eg!timatiorks 

All epootrophotometrio eetimetIone were performed on the Unimak 

spectraphotaseters, models BP 500 or SP 600. 

Dry weiffrt of oTanisms. The extinction of atspenaions was 

measured at 680 up and the dry weight calculated tram a calibration curve. 

The calibration curve was constructed by drying suspensions of larganiwas 

in water to constant weight at 100% after having measured the extinction 

of the suspensions at 680 up. Absorption &e to the photopigments is 
minimal at this wavelength (0oheu-Dasire ILA.. 1957). 

°aPtionoidlo and bacteriooklorachs11. These pigments were extracted 

from the organises with methanol or aoetone.methanol (7:2 v/v) and 

measured spectrophotasetrica13.y by the method of 0ohen•Basire ert al. (1957). 

In some of the early experiments bacterioahlorophyll was estimated by the 

method of Van Niel & Arnold (1938). This method was found to be 

unaatiefaotory and all further estimations were done by the method of 

0ohen.Basire ILA. (1957). 

ItirrhYrins. These were estimated spectrophotametrically in the 

supernatant after removal of organisms by oentrifUgationt  exactly as 

described by Lasoe13.es (1956). 

Protein. The concentration of protein in extracts was measured by 

the biuret reaction (Layne, 1957), using crystalline bovine plasma albumin 

as standard. 
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Protein and oneleio 41,91d. When estimations of both these.  

components in extracts were required, the optical densities at 260 mp 

and 280 mu were measured. The concentration of each component was 

calculated. from the extinction coefficients for enolase and ruoleie acid 

given by Warlmreg & Christian (1941). 

to.Antinoltsvu11/3 Acid. The amount of ALA was estimated oolori 

metrically after amdensation with aeetylaoetone by the method of Kauserell 

Gran iek (1956). The colCur was measured 15 min. after addition of the. 

Ehrlich' a reagent. 

Aminoaostone. This oempound was estimated by the same method as for 

ALA except that the .eoleur was measured immediately after addition of the 

Ehrlich' a reagent. 

Authentic ALA and aminoaoetone were used to construct standard cureeec 

Aim of anemia activities 

644einollsevulio acid arnthetass. The reaction mixture contained 

crude ewes, extract, 0.05 • 0.3 mg. protein (0.25 1.5 mg. if the 

extract was prepared by, ultrasonic disintegration of organisms); 

phosphate buffer ril 7.4, 37.5 moles; &gains, 12.5 insoles; smoinyisolak, 

0.2 moles; pyridomai phosphate, 0.05 moles; water to 0.575 ea. 

Incubation was at 37° for 30 min. The reaction was stopped by addition 

of 0.175 ml. of 20% (vifv) triohlortmeetio acid. The precipitated 

protein 1ms removed by oentriftgation and washed with 0.45 ml. of lit 

triohloroeostio acid. The combined supernatants were estimated for ALA 



as described above. The amount of ALA formed was proportional to the 

amount of extract added over the range stated. Every enzyme extract 

assayed, wass tested at two or three different concentrations within this 

range to ensure that the results were valid. 14onnation of porphyrina 

was not detected under the conditions used. 

6•Aminolairvulio acid daydream. This ensyme was assayed by the 

method of Gibson et al. (1955). The system contained enzyme extract, 

1 • 5 mg. of protein (2 10 mg,. if the extract was prepared by ultrasonic 

disintegration of, amanitas); phosphate buffer pirl 6.8, 200 moles; 

GBH, 30 ;moles; water to 3:0 ml. - in the main compartment of ThUnberg 

tubes, and ALA, 33 ;moles in 1.0 ml. of water in the side am a. The 

tubes were evacuated on the water pump and incubated at 37°  for 60 min. 

The contents were mixed arrl the incubation conarned for another 

60 - 90 min. Deproteinisatton, destruction of SH groups and estimation 

of porphobilinogen were performed by the method of Gibson pla. (1955). 

The rate of porpbobilinogen production was proportional to the protein 

added over the range used. Assays. of all enzyme extracts were done 

at two or three different enyme concentrations within thits range. 



EXPERIMENTAL AND RESULTS 

ACCINFJLATION OF AN AMINDKETONE BY MULE ORGANISM UN SUITABLE 
IICURATION CONDITIONS; ITS PURIFICATION AND ILENZIFICATION 

Laseelles (1956) noted that Ross. wheroldes incubated aerobically 

in the dark in Mixture I did not form porployrins. On repeating this 

experiment, although no porphyrin could be detected, anamindketone, which 

was at first assumed to be ALA, was fourd. It was noted, however, that 

the aminoketone behaved like aminoacetone, not like ALA, in the Mauzerall 

& Grenick (1956) estimation method, giving a colour immediately the 

Ehrlich reagent was added. The pyrreles, formed from aminoaoetone 

(CH300082N82) and the aminoketone on condensationvrith anetYlacetoner  

could both be extracted from aqueous solution at pH 8 into ether. The 

myrrole formed on condensation of ALA (B000.012GH27OCH2N82) with acetyl-

acetone, having a carboxyl group, oould not be extracted fron aqueous 

solution at pH 8 into ether. This confirms that the amindostone formed 

is not ABA, and shows that it may be aminoacetone or sane 	 amino . 

ketone lacking a carboxyl group. 

Incubation of organisms with threonine also gave an aminolorbompirith 

similar properties to the one found above. 

Elliott (1958, 1959, 1960a) has recently reported that an amindketone 

is produced when MmOulmmost,aurmAs  is incubated aerobically in a 

medium containing glyoine and glucose, or inane containing thrombi*. 

He has characterised the amincketone fray threonine as aminoacetcne by the 

preparation of derivatives, but the one from glyoine and glucose is 

produced in very small quantities and has only been identified as 
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aminommtons on the basis of its chromatographic and electrophoretic 

properties. 

The aminoketone formed from threcoine wa.s assumed to be mainoaoetone 

and no further Work has been done on it. Preliminary partial 

purification indicated that the aminoicetone produced in Mixture I might 

be different from amincaostone, so it was decided to purify it and 

identify it. It was also thought that this aminoketone, being an 

analogue of ALA, might play some part in the control of porphyrin synthesis 

by interfering with the synthesis or metabolism of ALA. 

Accumulation of amixaketonee 

Incubation canditLons. Organisms grewn anasrobical.1,y in the light 

were suspended at 4. mg. dry wt./01. in Mixture Is, or in Mixture I 

modified in various ways. The suspensions, 5 - 10 sal. in volume, were 

contained in boiling tubes. The tubes were connected iri series and the 

'pensions vigorously aerated by Bubbling air through from a co/linden 

The incubations were done at 35°. Samples were reamed at various times, 

0.06 volumes of 100% (aiv) triobloroacetia acid added and atairx•ketons 

estimated colorimetrically in the supernatant after resoval of the 

precipitate by centrifugation. Quantities of aminoketone formed are 

expressed as sminosoetone. 

Roeulte 

In Mixture I the buffer conosntration is lae (.006 ris) and it was nota 

that during incubation the pH rose froze 6.8 to 9 or higher. At a 
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Fig. 3 Effect of metal ions on aminoketone  
accumulation. Sodium a-oxoglutarate, .021; 
sodium fumarate , .014M; glycine, .02M; 
phosphate buffer pH r.6, 0.2M; organisms 
4- mg. dry wt./ml. Aerated at 35°. Samples 
removed at times shown and eqimated for 
aminoketone. Metal ions Mg 1.6 mM 
(0-0); ca2+ 0.8 ram (x-- — --x); 2+ 	mitt 
(a--8) ; no metals ri•-•)• 
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Fig. 4- Effect of Mn2+  concentration on amino-
ketone accumulation. Sodium a-caxo-
glutarate, .02M; sodium Rima.rate„04M; 
glycine, .02M; phosphate buffer pH 6.5, 
0.2 M; orgAisms, 4. in. dry wt./ml. 
Aerated at 350. Samples removed at 
times shown and e§timated for 
aminoketone. Mn'+  conc.: 10-3M 

	

(0---0); 5 x 10-4m 	; 
04M (x-- —X); rx 10-5m 	; 

3.0-511 (0-0) ; no Mn2+ 



phosphate buffer oonoentration of 0.21 the pH did not rise markedly, and 

the amcunt of aminoketone which accumulated in 16 hr. (.063 moles/a.) 

was six times the amount which oculd be detected in Mixture I without 

added buffer (.010 pinoles/m1.). All further experiments have therefore 

been done in the presence or 0.2 g phosphate Ulf:4'er in 6 - 7. 

It was found that omission of (ItidifF04.  from the medium did not 

effect the yield of aminoketone. The accumulation of aminoketone Waal 

found to be linear for hr., then it completely stopped, and the alscunt 

of aminoketone detected remained constant over the next 18 hr. 

a•Oxoglutarate and Aimarate, if added after 4 hr. *  gave a flarther increase 

in aminoketone, but adding glyoine had no effect. 

When the incubation was done in a medium lacking metal ions, the 

accumulation of aminoketone was low and variable, and it was concluded 

that one or more of the metals - 142+,  "2+„ mit2+ wore  recstroa. Don 

greatly enhanoed the yield of aminoketone, 0a2+  had no effect, and Mg2+  

lowered the initial rate of accumulation, but the final yield was slightly 

greater than that obtained in the absence of Mg2+  (Fig. 3). Increasing 

the concentration of Mn2+  in the mediums increased the yield of aminoketone 

(Fig. 4.). 

The optimum pH for eminoketone accumulation was found to be 6.2. 

No aminoketone was formeds if ei-oxoglutarate and ituaarate were replaosd by 

acetate. 

Ac5xsoulation of sminoketone  

When organisms are 311rminated in Mixture I under standard 
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Fig. 5 Accumulation of aminoketone anaerobically 
in the light 

Organisms illuminated under standard conditions 
in Mixture I (p. 16). Incubation at 32 - 340. 
Samples removed at times shown and estimated for 
aminoketone. Phosphate buffer pH 6.8, .15y.  
(•----10); .05M (0 	0). 
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conditions (p. 16) a small amount of an aminoaoetoncs-like antinoketons 

aoounulates (0.012 peoleshal.) during 24. hr. The yield has been 

greatly Improved by increasing the phosphate buffer concentration (Fig, 5). 

This effect is mot specific for potiwrite: phosphate buffer*  a similar 

yield of aminoketono being obtained. with 0.15 eaac33 rt phosrhate or *rts 

buffers* 

A=rifivatto n of the 

The aminoketone which &omit:late& aerobically in the dark ("dark" 

aminoketone), and the one which accumulates anaerobically in the light 

("light" aminrAcetcule) were produced In large mounts, using the optimal 

coalition worked out above. The conditions used were: 

I. "Daft" aminoketone: Sodium a•exoglutarate, .027 gi sodium ftusarate, 

*054 	glyclne, .027 ye; MnSO4, 5 x 104111; phosphate buffer pH 6.1, 

0.2 lit; organisms, 4. mg, dry wts/m1. Suspensions were aerated at 34°  

for 8 hr. 

II. "Light" aminoketonps Mixture I, plus phosphate buffer pH 6.8, 0.154; 

organisms, 1 mg* dry wt./m1. illuminated under standard conditions at 34.°  

for 21 hr. 

At the end of the incubaticuw3 the pH was adjusted to pH 5 with 1101, 

the organisms removed by oentrifktgation, and the supernatants used for 

purification of the aminolattonas. The incubations were done in batches 

and the supernatants pooled. The purification was started with 173 'Mal 

of "dark" eminoketcate and 159 moles of "light" aminoketone. 

ibrifioation. Identical methods were used for both aminoketones. 

LI...Via* The wpm:latent*, after dilution with water, were passed through 



columns of Zeokarb 225 	. 80 mesh) in the le form. Solution was, 

passed until the columns were almost saturated. as Judged by the colour 

change. The columns were then washed with water'until the effluents 

were neutral. The aminoketone was eluted with 4101 followed by . 

1.5 grffel. 3.0 ml. fractions were collected. All the fractions 

containing aminoketone were combined and dried. The large residue 

obtained is mainly $01. The yields obtained by coloriraetrio estimation 

were: "dark" aminoketcoe, 3.44 µmoles (84%) ; "light" aminoketone, 

1.34. proles (8). 

Step 2. The err,  vviirgstone and amino acids were extracted from the solid 

residue with acetone containing 9% of 611.1iO3. (Smith, 1956). This 

extraction left most of the salt behind. The extracts were dried and 

the residue taken up in water. Yields: "dark" ,aminoketone, 1.25 moles 

(72$); "light" amimketone, 2.30 ;moles (82%). 

Steep ,• The solution from step 2 was applied :to a column of Zeokarb 225 

(8% orose.linked., 50 µ particle size) in,the it fort, The column, 

24,x 1 an. in sissy was washed with water until the effluent was neutral. 

Elution was performed with 0.5 4101, at a flow rate of 5 ml./20. min. are 

5 ml. Pm:4Jan* collected. The aminoketorses were eluted with approld-

irately 200 ml. of 0.5 gl-1101. Analysis showed aAymmetrical peak with 

very little tailing. The fractions containing aminoketone 'were pooled, 

dried and the residue dissolved in water. Yields: "dark" aminoketone, 

113 ;moles (6) ); "light" aminoketone, 72 µmoles (45%). 

Step it. On paper chromatography in lutatol.aostio acid-water (60115:25 

by vol.) the ambooketones from the last step gave a yellow ninhydrin spot 
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with Rt  0.39 (ami cetonep Rt. 0.39; ALA, R 0,29) and a wan purple 

spot with Rf 0.51. The final purification was therefore done by 

paper ahrcxaatogri3phy using butanol-,aoetic acid-water end the aminoketone 

eluted off the paper with HCl. This method gave a complete separation 

from the amine acid 	iri.ty, but: the recovery cif egainaket0130 was law,  

Yield: "dark" eminoketone, 13.7 moles from 50 Moles; "light" 

anzinoketone. 16.8 ;moles from 32.9 moles. 

Identification of the aminoketoneli 

The following properties of both "dark" aminoketone and. "light' 

axnizoketone are identical with those of arairscacetone. 

1. The R values are the same as aminoacetone in butanol.aoetio 

water (60;15:25 by vol.). 

2. On paper they give yellow spots with ninbydrins  which turn,to brown, 

then to purple on standing,. Aminoacetone and ALA show this also. 

3. The pyrrolea formed from the Arai nraratonea on orandensation with 

acettlaoetone have the same Rf  values as the pyrrolo fray aminoacetone 

and aoetylaoetone, in butarolw.a.oetio acrid-vvra.tor (63:10:27 by vol.) 

0.87) and in buternl.eereonla (equal volumes of butane). and 1.5 Li 

arewania) (R f  o.85) (Mauserall & Graniokt  1956). 

Final proof of the identity of the areinaketones was obtained by periodate 

oxidation and Identification of the acid formed by gas partition 

chromatography. 

Shemin, Russell & Abnimsky (1955) have reported. that periodate 

oxidation of ALA gives good yields of suocinio acid. Amixmacetone oa 



periodate oxidation should give acetic acid. 

Periodate oxidation. Aminoacetone and purified aminoketonss were 

oxidised in 30 ml. of a solution containing 0.1 g. of 30jr, (w/v) periodic 

acid and 0.15 g. of NaH003. The reaction was allowed to proceed for 

16 hr. in the dark at room fAmperature. The periodate and iodate were 

precipitated by adding excess 0.2 145601 	After centrifugation the 

AI of the supernatants was adjusted to 3 with 3 N./12804  and the 

precipitate again oentrifuged off. The supernatants were steam•distilled 

at pH 3 (no ClH distils over at this pH), and distillate collected 

until no more acid came over. The distil' sten were kept alkaline, 

and dried in vacuo. 

Gaa partition chromatography: This was carried cut according to 

James & Martin (1952). The apparatus was bull.t by Dr. R.D. Marshall, 

and I em grateful to him for instruction in its use. The column was 

made Prue kieselguhr (0elite 343, Johns Manville Co., Ltd.) which was 

mixed with half its weight of silicone (vs 593, Hopkins and Williams, Ltd.) 

containing 10% (wfw) atearic acid. The °alum was 130 an. long and 

had an internal diameter of 0.5 cm and was contained in a steam jacket. 

Partition was a000mplished by passing nitrogen at a pressure of 43 cm, 

The acids coming off the opium were titrated with 0.02 N•41a0H using 

0.001% phenol red as inlioator. When the oolou.r of the indicator changed 

free red to yellow as acid came off the colorant  drops of NaOH were added 

Dram a burette, to reverse the colour change. end the time when the drops 

were added was noted. 

With the column used and running it at a pressure of 45 an. Hg-and 



at 10000  the elution time of the acids met- formic acids  7 mina  ; acetic 

acids  20 min. ; propionic-  acid, 35 min, ; and. butyric acids  65 min. 

The residues from the steam distillates were ,dissolved in 0.3 ml. 

of water and. one drop of 100% H3.10 added to each. The fatty acids 

were extracted into ether (3 x 5 ml.) and the combined ether extracts 

dried over anhydrous MgS0. After filtering, the ether solutions were 

taken to a small volume with a. stream of nitrogen and applied to the end 

-of the columns The column was replaced in the steam jackets  and the 

chromatography performed. The results are shown in Table 1. 

- TAME 1 - 
, 	. 

Identifipation .of aminck2tonek by Deriodate oxidtktion followed bi 
gas yaration chramatosTaohar of the &AA virodu0114 

Sample 	moles 	Acid. recovered on gas 	• Elution Um* 
chromatography 

envies 

Reagent 
blank 

Aminoaoetane 10 

0.0 

4,2 42 

Arnir10800 tone 20 11.4 57 
Aminoacetone 50 26.6 53 

Aminoacetone ' 100 49.4 49 20 

"Dark" amino-• 
ketone 

13.7 7.8 57 20 

"Light" 	, 16.8 11.2 67 20 
amincketone 

The columns were run for a total of.fras 60 ow 80 min. but no more acid 



TABLE 2 

Requirements for Lo.threonine dellydrogenase activity 

Assays larthreonine, 25 ;moles; pyridoxal phosphate (where added), 

0.05 p.moles; DPN+  or lall+  as indicated; ensiyme crude dialysed 

extract (so 1.0 mg. protein); phosphate buffer, pH 7.4, 75 smolea; 

water to 0.75 ml. Incubation at 37°  for 1 hr. Reaction stopped 

with trichloroacetic acid. Supernatant, after renoval of protein, 

estimated for aminoaoetone* 

TM+ 	Pyridoxal phosphate 	forninoacetone 

(Moles) 

.032 

.042 

.004 

.005 

.038 

.005 

w• 	 .002 

(pixies) 

0.5 
1.0 



was eluted. eluted. Samples of sodium acetate, on acidification with Hi04, 
extraction into ether, and gas ,chromatography also 'gave 'a recovery of - 

about 50%.„ 

These results show that both the dark aminoketone and the light,_ 

aminoketone are sminoacetone. 

ThitEONIDE DEHYDROGENASE ACTIVITY 	CTS 

An enter has been found in extracts of Res. enhereides which 

produces aminoacetone fig threonine in the presence of Dl e, that is a 

threonine dehydrogenase (Table 2). All the experiments have been 

performed with extracts prepared frcm organisms grovm anaerobically 

in the light. Tahle 2 shows that TPH+  cannot replace itPle as 

hydrogen acceptor, and there is no reaction in the absence of the latter. 

Pyridoxal phosphate does not enhance the activity. 

The aminoketone formed in the above reaction has not been 

rigorously identified, but it is identical with eminoaeetone in that 

the pyrrole formed by condensation with aoetylacetone can be extracted 

into ether at pH 8. The spectrum of the pyrrole-Ehrlich complex 

formed in the Mauserall & Granick (1956) colour reaction is also 

identical with that for aminoacetone. The nature of the reaction 

also indicates that the aminokotone is aminoace tone. 

The production of aminoaoetone bas been areamlred in the presence 

of increasing amounts of ensyme (Fig. 6) , showing a linear enzyme-. 

activity curve, and at different times (Fig. 7). 
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Fig. 6 L-Threonine dehydrogenase: effect of 
increasing enzyme concentration. 
L-threonine, 25 µmoles; DPW' 0.5 Ilmoles; 
phosphate pH 7.4, 75 µmoles; crude 
dialysed enzyme extract, as stated; water 
to 0.75 ml. Incubation at 37°  for 1 hr. 
Reaction stopped with trichloroacetic 
acid, and aminoacetone estimated. 

Fig. 7 L-Threonine dehydrogenase: effect  
Of time on aminoacetone production. 
L-threonine, 25 µmoles; DO* 
0.5 µmoles; phosphate, pH 7.4, 
75 µmoles; crude dialysed enzyme 
extract (= 2.0 mg. protein); water 
to 0.75 ml. Incubation at 37°  for 
times stated. Reaction stopped with 
trichloroacetic acid and aminoacetone 
estimated. 
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Fig. 8 L-Threonine dehydrogenzse: pH curve 
MO& 

L-threonine, 25 µmoles; DFN*, 0.3 timoles; 
tater, 75 µmoles; crude dialysed enzyme 
extract (= 1.0 mg. protein); water to 0.75 ml. 
Incubation 1 hr. at 37°. Reaction stopped with 
trichloroacetic acid and aminoacetone estimated. 

	

Buffer: tris•-• ; phosphate 0 	0; 
carbonate-bicarbonate ar-----15. 
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The reaction has been done in trio, phoarhate•  and carbonate-. 

bicarbonate buffers at various pli values (Fig. 8). The optimum 

in trio is 8.6 - 9.1. Carbonate-bicarbonate buffer inhibits the reactions 

A comparison of threonine dehydrogenium activities using I.threonine 

and DIA-threenine indicate* that D-tbreonine is not acted on and does 

not inhibit the reaction with the Iii.g.iscater (this has been oonfinned, 

see p. 38 ). The engine is therefore an igeithreonine dehydrogenases 

iteolutnimm of klbreonine delwarogenase action 

There are two possible ways in which irthreonine can be converted 

to exainoacetone. These have also been considered by Elliott (1960a). 

Ll 
1. 

le 

f8(on)ogie2)acol 	 anex(tE2)cooli 
Thrsordne 	 cm.Aminonet-oxybutfrio acid 

3aCCH2162 
Aminoacetons 

cafgo8)(x(radozxx 
Threonine 

	11- at c8(08)a82  
1.4minopropars-2-01 

.402 

3 2  
Aminoacetone 

The intermediate in pathway I is extremely unstable, Laver at all.. 

(1959) having shown that it has a halfd.life of such less than 1 min. at 



pH 71 and therefore it would decarborylate spontaneously to give 

amirmacetone. 

If the reaction went by pathway II, pirl-aminoproparb-2-ol should be 
able to replace ktlxreonine as substrate for aminoaoetone production. 

arlsAminopropary.2-ol has been tested with the enume system, in the 
presence of ren+ and Tie at a raner of pH values between 6.0 and 8.8. 
No amirmaoetone could be detected. gil-Amirmpropan-2-ol did not 

inhibit arainoacetone production from Le-threcmine. It is therefore 

obvious that pathway 1.1 does not operate. 

Partial ikurifigitigton of the ktbreonine dehYdrogenk.se 

Plantain and nucleic acid were estimated by absorption measurements 

at 260 mu and 280 mu. 

Assay of attivity in fractions. IL-Threonine, 50 moles; DP?. 

0.2 insoles; trim, pH 8.8, 75 moles; en s; water to 0.75 m1.1 

incubation at 370  for 1 hr. Reaction stopped with iztobloroacoetic acid 

and amiroacetone estimated. 

All purifice.tion steps were carried out at 0 - 

gteo lt Wa2,treatmemt. To undielysed crude ensyme extract was added 

0.05 volumes of 1103012. After standing for 15 min. the mixture was 

centriftged. The supernatant was dialysed overnight against 0.05 Li 

phosphate, pH 7.4.. A precipitate which formed was removed by 

centriftgation. 

13.U22. The supernatant was fractionated with solid (1114),104  at 3%, 

OS, 60% and 80% saturation. Each precipitate was collected by 



•137 

oentriAzgation, dissolved in a volume of buffer equal to 0.22 volumes of 

the Mn012  aipernatsnt and dialysed. 

Steen 1. The solution containing the 43 0. 60% (1114)2804.  Precdlattat• was 
adjusted to pH 6 and treated with 0.1 volume, 0.1 volume and 0.2 volumes 

ac 0113(104)2  gel (13.5 manes). The supernatant was recovered freed one 

gel treatment before addition of the next batch of gel. To the last 

servernatent was added 0.6 volumes of gel. The precipitate obtained 

by oentrifugation was eluted once with water and twice with 0.05 

phosphate pH 7.4. 

TABLE 3 

Trar_tial x u,rlfioatipi or k-threonine dehydroseneee 

Fraction 	Specific activity 	1Urifioation 	Recovery 

moles aminoaostomet 	(based on 	% 
.mg.hrots14/hre 	protein) 

Crude =treat 	.113 	' 1,00 	100 

1111312  averse 	'.126 	1.11 	65 . 

39% 	 — 	 .. 
( 4)24- 41% 	 .155 	 1.37 
pree*Pi" 

60% Cates 	 .22k 	 240 

80 	.132 	 1.16 ' . 

let buffer aerate 	.545. 	4.82 

2rid buffer eluate' 	.465 	4.11 

The first_ buffer eluate, hereafter referred to as '.!purified ens lei 

a purification of, 4.82 fold with respect to protein and contains very 

15 

40 

12 



Crude enayme 

Substrates 
(tmo1es) 

Amiroacetone 
(moles) 

threonine 	5.0 .0332 

Irthreonine 	5.0 .03195 

ulirallothreonine 5.0 .0106 

D-a.tlothrecnine 5.0 .0106 

pi-threonino 	5.0 *000 

leallothroomine 5.0 	000 

TABLE 4 

Specificity of threonine dehydrogenase towards the four Isomers 
of a-ilminowdrcosibutorria acid  

Asset's a-smino-O-hydroxybutyric acid isomers. as stated; DP?, 0.5 ;mimics; 

tris, 	8.8, 75 mles; crude enryme (82 0.96 mg. protein); purified 

=gyms .105 mg. protein); water to 0.75 ml. Incubated at 37c  for 1 br. 

Reaction stopped with trichloroacatio acid and aminoacetone estimated. 

Eurified ammo 

Substrates 
(proles) 

-threonine 	5.0 

kthreonine 10.0 

Dwallothreonine 7.50 

D. allottuveorsins 10.0 in 
rthreonine 10.0 

jrallothreontne 10.0 

k"thremlinei. 	510 

4..threonine 	5.0 

1,xliothriponini . 

Lo-threonine 	5.0 	.0166 

50 

 

Ir.thrsonine 	5.0 	.0233 

17..a7lothreonine5 5.0 

st.a1lothreonine 50  0 

D..threonine 	5.0 	.0084 al 

	

itralothreoninei 5.0 	.0081 
irthreonine 	5.0 

Aminoaoetons 
(moles) 

.0166 

.0316 

*0093 

.0146 

.000 

.000 

.0166 
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little nucleic acid. This purified enzyme has been use in a number of 

experiments, 

Experiments with Imarified kr.thoreox4ne dakraro)renIse  

A linear inoroape .the' production of eminosootone with increasing 

amounts of ensyme was obtained at pH 8.8. The pH curve in trim is 

very siefiilv to that obtained with crude own (Pig. 8), giving en 
optimal activity at pH 8.8 

The specificity of crude ensyme and purified ensyme towards the 

four isomers of a-smino÷bydrombutyrio acid .  is described in Table 4. 
Only irthreonine mind 4-411°th:wain* are acted on by both exude and 

purified engymes. gi.Threonine and kballothreonine are not anted on, 

and they do not inhibit the reaction of the other two ismer& 

rAllothreonine is acted on at 314 the rate of kr.threonine with crude 

ensymes  and at 50% the rate with purified femme* 

With the purified erayme, eerine does not inhibit threonine 

debydrogenase activity. 1.0..)941ydroxybutyrio acid appeared to inhibit 

strongly, but this is due to the presence of an active p-hydrovbitreia 

acid dehydrogenase which =metes for the DI (see next section). 

With crude =gime Y..aminoq3-hydroaytutyrio acid is not oxidised to 

fora an aminoketone, nor does it interfere with threonine dehydrogeneae 

activity. 

piziohionetry of kith-amine dshydro 	reaction 

The reaction mechanism was assumed to be as follows* 
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C- 

Fig. 9 Effect of sodium bicarbonate on L-threonine  
dehydrogenase activity - 

L-threonine, 25 µmoles; DPW', 0.5 µmoles; 
Iris, pH 8.8, 75 µmoles; Na500.4  (pH 8.9) as 
stated; crude enzyme extract (4 0.45 mg. 
protein); water to 0.75 ml. Incubation 1 hr. 
at 37°. Reaction stopped with trichloroacetic 
acid and aminoacetone estimated. 



Threordne DPN+  

 

Aminoaoe tone DEMI +H++ 032  

 

This has been oonfirmed by finning that the ratio of aminoaoetone formed 

to DMEI formed is approximately unity (Table 5). 

!ABLE 5 

Stoic*iometry of frthreonine dehydrogenase reaction 

Assay: aw  threonine. 200 poles; DP?, 20 mules; tris pit 8.8, 

300 Imooloel Purified ensyme (mg .21 mg. protein) and water to 3,0 

were incubated at 3e)  in the heated oell-holder of the Unicorn 8P 300. 

The formation of Dati was followed at 340 smr (1 mole DPIE/3.0 	311  

2.07 o. d. at 340 so with I cm. light path). The reaction was 

stopped after 90 min, and the aminoaoetone estimated. 

DEM (pimples) 
	

Aminoacetone (proles) 

.070 	 .o8 

When determining the pH optima of crude more (Fig. 8) it was 

noted that a low enzyme activity was obtained in carbonate-bicarbonate 

buffer as compared with trial buffer. Thio has been extended by finding 

that MECO3 inhibits threonine deb ydrogenase activity (Fig. 9) 

Effeot of inhibitors on irthrecknine debydrostenase  

A range of known ermine inhibitors has been triad for an effect on 

threonine dokydrogenase activity (Table 6). The controls were performed 

in each case to allow for non-enmwmio destruction of eminoaoetone. 



TABLE 6 

Effect of inhibitors on lehthreonine dehydrogenase activity 

Enzyme easels ikathreonine. 50 µmoles; Dle, 0.3 pmolsX; trio pH 8.8, 

75 moles; enema (ansde extracts = .45 leg. protein; 144l2  supernatant= 

.26 mg. protein); inhibitor as indicated; water to 0.75 ml. Incubated 

at 57*  for 1 hr. Reaction stopped with trichloroacetic acid and 

aminoacetone estimated. Controls: aminoacetone, 0.052 gmoles; 

tris pH 8.8, 75 µmoles; inhibitor and water to 0.75 ml. were mixed. 

Trichioroacetic acid was added immediately nomplmodbated control, 

or after Inc:Libation at 37°  for 30 min. - incubated control, and 

aminoacetone was estimated. Results are expressed as percentage of 

aminoacetone in the tubes without added inhibitor. The non-incubated 

oontrol gave the same mount of audnoacetone as the incubated control, 

in the absence of inhibitor. 



Ac1ded CCIIIlpOWId <I> BIlQIIO act1.1V Added CCIIpOWJd Enr.pae acUn V Control. 
in mud. eztra.ct in1flCl2 ~ NoD- Incubated <I) natint 1Da1bated 

H&SOAt. 10-3 , 10-' 10 9.5 10 

CUSOIt. w-, 13 ur3 , 100 2It-
AgK), 2 % 10-5 .5 2 x lO-l ~'-12 107 99 

~It. W3 ~92 10-3 77 100 98 
Pblc2 10-3 63 ro-1 ".. 10,5 10, 

PeSOlt- W-' 100 1tr3 l25 lOS 106 

FeC1l 10-' 98 10-' 12.5 Ul~, ll2 

~ Jl&S04 ur3 121 W3 119 103 101 , b8)1t. 10--3 59 10-3 . 62 81 61 
0&012 10-1 126 lO-1 l42 lOS 103 
Thioaedca:rba&1d. 2 x 10""' 98 4- x 10-' U6 1U 105 
p-ChloJ!'ClllU'CUri- .5 x J.Q-4 14 .5 x].O""'" 16 104- 100 

beDmate 
BaClf 10 ...... 61 2 x 10-4. 50 99 9' 
L-Penicdll amine • 2 X lCf"" 88 2 x 10-3 U2 114 lOS 
D-PomciJ l.'me 2 x 1.0-3 90 2xW' U, US 'JJ)7 = .. 

2 x 10-3 2 X W-3 Ir'CYsteu. 96 125 US 101 - 2 x 10-3 .5.4 X lrr3 Iodoacetamide 80 7If. 101 120 
Sodlull aside 2 x 10-4- 108 2 x:w-4 ll2 U4 105 
GO t -D1P7DdY1l 2 x 10-3 100 2 x W3 97 101 98 
8-lf1drD~CJWIo- 2 x 10-' 78 5.4 x ]0-3 6, 103 100 

l1De 

BDTA 10-' 18 10-' 17 106 100 
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Fig. 10 Inhibition of L-threonine dehydrogenase by EDTA 

DL-threonine, 50 µmoles; DEN+, 0.3 µmoles; 
Vis pH 8.8, 75 µmoles; crude enzyme extract 
(= 0.45 mg. protein); water to 0.75  ml. 
Incubation at 37°  for 1 hr. Reaction stopped 
with trichloroacetic acid and aminoacetone 
estimated, 



None of the ccerpounds tested hem aror appreciable effect on the 

calorimetric estimation of amirmacetone, but aminoacatons disappears 

when it 	at 37° in the preamace of ligeDie  0u304,  cr Lin304. 

The inhibiticet due to ethyleneaiaminetetraaoetic acid (WA) has 

been investigated further (pig. 10; 5cIA inhibition occurs:  at 

5.6 x 16.5g 1ZTA* 

Aptivilp of t pnilowes with kiihre9nins dabydiroltelase 

Deamino•Za. cannot replaoe Me for threonine dahydrogenase rativite 

and 3•acet ►lp ►xiciin Pi has only 4C$ the activity of DP?. NaMow 

anti..ague inhibits threonine debydrogenase activity with Drie (Table 7).  

TA erz 7 

SI 	or analcepe, 0.2 moles; trim 

75 !moles. Clutha snsyu extract (4.5 	Ps'oteiziral•)• and 
meter to 0.75 ml. Incubation at 370  for 45 mim. Reaction stopped 

with trichlorcaoetic said aM aminoacetone estimated. 

Engels 

(ml../asamy 

haincasetame (moles) 

Dsaminci•Dfle 	3 Aostyl DI14+  + 	D3 + 
pyridine designs* 3 acetyl 
Drkt* DRi+ pyridine- 

riel+ 

0.04 .0087 .000 .0030 

0.08 .0111) *000 .007) .0190 

0.12 .0230 .000 .0100 gib 
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Fig. lla Ku  for L-threonine for L-threonine  
ahydrogenase. L-threZnine, as 
stated (S = mole§71.); DPN+, 
0.3 µmoles; tris pH 8.8, 75 !moles; 
crude enzyme extract (= 0.27 Tag. 
protein); water to 0.75 ml. 
Incubation at 37° for 30 min. 
Reaction stopped with trichloro-
acetic acid and aminoacetone 
estimated. V (initial reaction 
velocity) expressed as pmoles 
aminoacetone/30 min. 

0 	•08 
x(x1065) 

Fig. 11b K1  for DPN+  for L-threonine 
dehydrogenase.  -DPN+ as stated 
(S = moles/1. ) ; L-threonine 
150 'moles; tris'pli 8.8, 75 µmoles; 
crude enzyme extract (= 0.27 mg. 
protein); water to 0.75 ml. 
Incubation at 37° for 30 min. 
Reaction stopped with trichloroacetio 
acid and aminoacetone estimated. 
V (initial reaction velocity) expressed 
as µmoles aminoacetone/30 min. 

-10 •16 
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Michaelia constants  of Lwthreonine dejawdzosonane 

The Xm  values for Irthreonine and DIM+  for threonine dehydrogenase 

have been determined. For iirthreonine the assays were done in the 

presence 'of enough Diste to saturate the ensiyme and for DPN+  in the 

presence of enougb Irtbreonine to saturate the enzyme. The results, 

plotted as 1/V against 1/3  after Lineveaver & Durk (1934) (Fig. lla and b) 

give: 

larthrosorkine 	794 x 10 	at 37°  

DM+ 	xi( 	1.7 x lett at 3,3. 
Extracts from organimas grown under a variety of conditions have 

been assayed for a range of ename activities (see later). One of these 

enwraes is k-threordne debydrogenase• The assay conditions used in all 

the experiments are: arthreonineb  50 moles; Die*  0.3 poles; tris 

pit 8.8, 75 moles; crude imam extract; water to 0.75 ml. Incubation 

at 37°  for 4.5 or 60 mien. Reaction stowed with triable:roam:tic acid 

and aminoacetone estimated. The activity of the en wate is expressed as 

Ismoles sainoacotam/mg. protein/hr. 

One result which is relevant to this section is the finding that the 

thrsonine dehydrogenase activity is greater in ex*raots tram biotin 

deficient organism than from normal organisms. This has been shown to 

be an increase in kthreonine dehydrogenese activity and not the 

development of activity towards pi,threonine. 

filsanitorCBUTIRIC ACID DEITIDROGENASE ACTIVITY IN EXTRACTS 

It vas found that P-hydroxybutyric acid strongly inhibited tbreonine 
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Fig. 12 p...-Hydroxybutyric acid dehydrogenase: effect of 
increasing the enzyme concentration 

DL-0-hydroxybutyric Na salt, 10 µmoles; DPle, 
rµmole; tris pH 8.8, 300 µmoles; crude enzyme 
extract (4.5 mg. protein/ml.) added as stated; 
water to 3.0 ml. Incubation at 37° in heated 
cell holder of the spectrophotometer. Production 
of DM followed at 340 mg. Readings every 
30 sec. for 3 min. 
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dehydrogenase activity (p. 39). At first this was thought to be due to 

the similarity in the structures of P-hydronrbutyric acid and thrombi* 

(e.aminon96hydroxybutyric acid). Further investigation showed that the 

apparent inhibition was due to the extremely rapid reduction of DPN 

by the crude 0232300 extract and by the partially purified threonine 

dehydrogenase in the presence of P-.hydroxybutyrio acid. 

Some of the properties of this (3-4vdronibutzfrio acid. dehydrogenase 

have been studied*  since it was thought that the same enzyme might be 

responsible for both /3..hydrcecybutyric and threor4ne dehydrogenase 

activities. All the experiments have been performed. with extracts 

prepared fran organisms grown =aerobically in the light. 

Assfq "stem for thohYdroxOutsrie acid dekdr0406n0.60 

DL-fl-Hydrovbutyric acid Na+  salt*  10 moles; LPN% 1 mole; 

trim PU  8.8. 300 	enaymei and water to 3.0 ml., were incubated 

at 37 in the heated cell-holder of the spectrophotaseter. The 

production of DEMI was measarml by following the inorease in optical 

density at 340 mil. 

Using crude enzyme extract the production of Dna was linear for 

3 min. and the amount of DIM formed was proportional to the enzyme 

added (Pig. 12). 

This assay method is therefore a valid measare of the enswoie activitl 

and has been used *  exactly as stated shove*  in all the experiments to be 

described. The specific activity is expressed as proles )F1/mg. 

pr3tein/rain. 
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Fig. 13 p-Hydroxybutyric acid dehydrogenase: 2  curve 
Standard assay conditions, as described on p. 49 
and in Fig. 12. Tris buffer pH as stated. 
Crude dialysed enzyme extract (= .18 mg. protein). 

9.2 



Partial purification of the ennui° was carried out exactly as 

described for threonine dehydrogenase (p. 36 ). A comparison of 

activities, purifications, end yields of both threonine and 13..}xydroar- 

butyric acid dehydrogenases showed that no separation of engymic activities 

had been obtained. 

For fl.hydroxybutorric acid dehydrogenase TPNcannot replace 

and TPN+  does not interfere with the reduction of Dre to DM. 21. The pit 

optirrum for the erwme has been found to be 8.14. .0 8.6 (Fig. 13). Sodium 

bicarbonate inhibits fl-hydroxybutyric acid dehydrogenase. The presence 

of 0.2 41..Ne11003  in the standard assay reduces the activity to 399E of 

the control (of. Fig. s.'9; where a enli-InD concentration of Na1/003  

inhibits the threonine dehydrogenase activity to 37$ of the control). 

The effect of some known enzyme inhibitors on 19-hytIrovbutyrio acid 

dehydrogenase has been determined (Table 8). 

The -addition of 300 moles of DL.-threonine to the standard assay 

for P..hydroxybutyrio acid dehydrogenase does not inhibit the rate of 

DBE production. #6,-Amino-19.-hydroxybutyrio acid does not reduce DPN+  

in the promo:* of crude enryme extract, but when 2D moles are added to 

. the standard assay system for P-hydroxybutyric acid dehydrogenase a 30% 

inhibition of DPVII production is observed. 

The reversibility of the /3-1 ydrovhutyrio acid dehydrogenase has been 

shown by observing a rapid DBE oxidation when the sodium salt of 

acetosoetic acid and Mfg are incubated with crude enzyme extract. 

Using the standard conditions (p. 4-9 ) it was found that with this 

enayme deamino-DPr was not reduced wad. 3..aoetylpyridined.DPIe was reduced 



at 8% the rate of DPN. Neither analogue inhibited DI reduction. 

TABLE 8 

ffsct of 	biters on 	 id 

Ehelyme asse,yt standard conditions on p. 4.9 • Crude enzyme extract 

(it 0.135 mg. protein). 

Inhibitor 	Concentration 	Activity 

(1) 
	moles 

None 	 •033 

None 	 .034. 

p.Chloranercurii. 	5 x 1004 	 .000 
benzoate 

NaCN 	 2 x 10-4 	 .029 

iodoacetamirl  0 	4 x 104.3 	 .033 

EDTA 	 10-s 	 .019 

EgS0 	 10.13 	 00C) 
	

0 

Mg4. 	 104-3 	 .031 
	

91 

Ca012 	 10.3 	 .039 
	107 

Michaelitt constants for t34-hYdrixabutzfrio acid dehydrolenaes  

The 	values for A.hydrosYbutyrio acid and We for gi-b3rdrce;Ybutirio 

acid dehydrogenase have been determined. Each estimation Was made at 

a saturating concentration of the-  other omaponent. Pig. 14a and b 

show the plots of 2/V against VS. Presumably only one isOmer Of 

Pwhydrovbuty-ric acid is attacked and the other does not inhibit. 
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Fig. l4a Km for fl-hydroxybutyric acid 
for /9-hydroxybutyric acid 
dehydrogenase. DL-p-
hydroxybutyric acid Nat salt, 
as stated (S = molee/1.). 
DPW., 1.0 pmoles; tris pH 8.8, 
300 gmoles; crude enzyme extract 
(= .093 mg. pTotein); water to 
3.0 ml. Incubation at 37° for 
3 min. V (initial velocity) 
expressed as change in optical 
density in 3 min. at 340 mp. 

Fig. 45 KM  for Me for fl-hydrox/butyric  
acid dehydronase. WV*, as stated 
(S = moles/l.; DL-R-hydroxybutyric 
acid Na+salt, 20 Moles; tris pH 8.8, 
300 µmoles; crude enzyme extract 
(= .093 mg. protein); water to 3.0 ml. 
Incubation at 37° for 3 min. V (initial 
velocity) expressed as change in optical 
density in 3 min. at 540 mp. 



As will be discussed later, the isomer attacked is most probably the 

0-isomer. 

For V. hydroxybutyris acid KM 	6.25 x 10441 at 37°  

For 0I11+ 	 Km  la 4.0 z 	at 37°. 

-AMINOLAVAILIC AGM TRANSAIAllaSE IN MUMS 

6-Aminolaevu1ic ao&d ta'ansaminasen have been reported previously 

in mammalian tissues by Kowalski et 4.  (1957) and Kowalski et el. (1959) 

and in Corvraebacterium diphtherial by Bagdasarian (1957). It was  decayd 
to look for an ALA transeeninase in extracts of Ape. spheroides since it 

was realised that such an engine could control porphyrin formation by 

competing with ALA dehydrase for ALA. In the morts mentioned above, 

transaraination was assayed by incubating ALA plua an a.ketoacid in the 

presence of enzyme and detecting any amino acid fbrraed by ohrematography. 

This is a relative3y tedious procedure and only secri-quantite.tive. 

Quantitative studies can be made if the reaction is perforated in the 

reverse direction, that is from Yili*.dioxovalerie acid and an extra acid 

sinoe there is available a very aensttive and specific oolorimetrio 

estimation for ALA. In this way an ALA transeminasa has been fowl 

in crude entanne extracts of Roe. teRheroides (Table 9). All the 

experiments have been performed with extracts from organisms grown 

anaerrobioally in the light. 

1!ethylglyoxal which on transamination with an amino acid ought to 

give amincacetone did. not do so when an experiment identical with that 
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Fig. 15 L-Alanine-ALA transaminase: ALA, production with time 

L-alanine, 20 pmoles; Ytrdioxovaleric acid, 5 pmoles; 
fyridoxal phosphate, 0.20 gmole; phosphate pH 7.4, 75 pmoles; 
crude enzyme extract (= 0.41 mg. protein); water to 0.75 ml. 
Incubation at 37° for times Shown. Reaction stopped with 
trichloroacetic acid and ALA estimated. 

0.2 	0.4 
Enz,o-ne (rn5.1:erot eirt) 

Fig. 16 L-Alanine-ALA transaminase: effect of increasing the  
enzyme concentration 

L-alanine, 20 pmoles; Y$-dioxovaleric acid, 5 pmoles; 
phosphate pH 7.4, 75 pmoles; crude enzyme extract as stated; 
water to 0.75 ml. Incubation at 370  for 10 min. (.---411) and 
for 20 min. (0----0). Reaction stopped with trichioroacetic 
acid and ALA estimated. 



described in Table 9 was performed with methylglyoxa1 instead of 

Y6 -diorovaleria avid. 

TABLE 9 

ALA twmaminase activity in eastract, 

Amor amino acids, 20 µmoles; Y6 .dlowraleric acid, 10 Amolesi 

phosphate buffer pH 7.4 or 8.1, 75 files; enzyme . crude extract 

mia.toyeed (Lip  0.51 mg. protein) water to 0.75 ml. Incubated 

at 370 for 1 hr. Reaction stopped with triohloroaoetic acid and 

ALA estimated. 

Amino acid pH ALA 

iimoles/asse3r 

elutamic acid 7.4 .0104 

k411ntemic acid 8.1 .0096 
IrAspartic acid 7. k .000 
k-Aspartic acid 8.1 .000 

eilanine 7•4 .076 

rAlanine 8.1 .052 

The production of ALA as a Ainotion of time has been studied 

(Pig. 15). A boiled ensyme control gives no ALA, end absence of 

pyridoxal phosphate does not decrease the activity. 

The amount of ALA produced increases linearly with increasing 

amounts of ensyme (lig. 16). 

Fig. 17 shows that concentrations of Y6 .diorovelerio acid greater 
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Fig. 17 L-Alanine -ALA transaminase: effect off  varying the 
substrate concentrations  

L-alanine and Yo-dioxovaleric acid as stated. Phosphate 
Di 7.4., 75 µmoles; crude enzyme extract (= .41 mg. protein); 
water to 0.75 ml. Incubated at 37°  for 15 min. Reaction 
stopped with trichloroacetic acid and ALA estimated. 
Concentration of L-alanine: 20 pmoles *---4); 10 pmoles 

(0----4); 4 pznoles (x-----x). 

5.7 61 6.5 6.9 7.3 7.7 8.1 

Fig. 18 L-Alanine-ALA transaminase: pH curve  

L-alanine, 10 pmoles; Y8-dioxovaleric acid, 1 pmole; 
Phosphate pH as stated, 75 pmoles; crude enzyme extract 
(= 0.4 mg. protein); water to 0.75 ml. Incubated at 370 
for 20 min. Reaction stopped with trichloroacetic acid 
and ALA estimated. 



than 2 µmoles/env inhibit ALA production. Increasing the 

concentration of L.-al/wine is not inhibitory. In most of the 

erg?eriments to be described on the Icalanine-ALA transeminase, ksalanine 

has been used at 10 Lmsele/assa,y, and Thialionovalerio acid at l PlocalolassekTia 

The pH eptiaunt of the ire,  ienine..ALA trans mince is 7.0 7.2 (Pig.18 

V4kutification of nrodugtp pf th9 14`et9tion 

The product of transvaluation between Y6 .diorravaleric acid. and 

alanine has been assumed to be ALA on the basis of the eclair test or 

Mauserall & aranick (1956) - the spectrum of the coloured product being 

identical with that of online ALA. 

A large wale incubation was done with Yirdionovalerio acid and 

kftlaresne, with and without sasymee Artier removal of protein aid salt 

the residue was ohromatogragied in butanol.anatia acid-water (60115125 

by vol.) and electrophoresis on paper at 2500 v. also performed. On 

treatment with ninbydrin a yellow spot corresponding to ALA was found. 

In the control, not containing enzyme, a faint yellow spot was also found. 

Similarly alanine has been detected as the product when ALA and ywruvate 

are incubated with the onsyme. No *Unite is detected in the absence of 

enema. 

Attempts to measure the reverse reaction quantitatively by 

estimating disappearance of ALA have not been smocessfUl. The amounts 

of ALA disappearing ware too low to measure acmarate3.y. This resat ray 

imply that the equilibrium of the reaction favours ALA production, 
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TABLE 10 

Effect 	 va 	 and 	to on 
transalminase activiSy 

Assays idealataine, 10 Insoles; Yo-dioxovalerio acid, 1 insole; phosphate 

pH 7.15, 75 moles; additions as stated; enigma - exude extract 

(at MI. mg. protein) Hp to 0.75 ffil• Incubated at 370  for 1 hr. 

Reaction stopped with trichlorcacetie acid and ALA. estimated. 

Concentration of 	 ALA (moles) 
inhibitor 

(moles) 
	Methylglyoxal Pyruvate a-Oxoglutarate 

. .0288 . 	.0288 .0288 

1.0 .0086 .0060 . .0228 

2.0 .0047 .0023 .0232 
5.0 .0000 .0000 .0206 



AbiliVir 9f emillo acid, Other thap /rapine to txmansaminst9 
with -Ye-dfoxovalerio paid  

The assay system want amino acid, 10 'moles; Y6-dioMva1•rio wad, 
2 immlej phoErphate pU  7.15, 75 moles; crude enzyme extract 
(11.k *54. wis* protein) and water to 0.75 ml. Incubation was at 37.  for 1 hr. 

The • amino acids gave the follusfing auxwmts - of AI expressed as 

percentage of- the nzeount ibrmed from lealanbas I 1)-alanine, 74; 

P.alanine, 21.74• kaspartic acid, kglutteeio acrid, irethionine, 

kwoethionine, kpheaurlelanine, and Ifthreenine 11 all 7 - 10%. When added 

at a concentration of 10 losoles to a system forming ALA in the presence 

of 10 insolei of icalanine the only amino 'acid which inhibits is 

glutemict ;acid, the activity being 72% of the control 

Pyruvate and methylglioxal strongly inhibit the kalanine.ALli 

treneazninase at low concentration, while tr.oxoglutarate has little 

effect (Table 10). Pyruvate is a pzvduot of the reaction, and methyl. 

glyexel is an analogue of Yo.dioxavaleric acid, and as described 

previously excess To-dioxevaleric acid also inhibits ('ig. 17). 

Solutions of methylglyoxal, on stamieg, are oxidised to Rpruvic acid. 

The methyle,yoxal solution used in the above experiment was titrated 

against sodium hydroxide using phenolphthalein as indicator and found to 

contain 0.026 moles of pyruvie aaidAssole of methylglyexal. This shows 

that the inhibition found for methylglyoxal is genuine and not due to 

the pruvio acid present. Aminoacetone at a ooncentratian of 0.6 uncles 

in the above assay system does not inhibit ALA production* The method 

of estimating ALA in the presence of aminoacetone is to tone the pyrrelsa 
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with aoetylaoetone as in the method of tkw.serall Pc Omni& (1956), 

then adjust the pH to 8 and extract out the neutral pyrrole 

formed frail aminoaowtone with ether. The pyrroIe from ALA stays 

in the aqueous phase and can ricm be estimated in the usual way. 

Crude enzyme extract pre 	in trio buffer instead of in 

phosphate gave a lowir amine-ALA transaminase activity. The activity 

was increased by dialysis against phosphate buffer., 10 moles of trio 

buffer pH 7.4, when added to the standard assay aystem described in 

Table 10, inhibited the reaction, only 34% of the ALA found in the 

oontrol helm formed. 

TrIkilitanlinattion kaelmven 	4.)'# And /3'4,4P and  Ytediccarfal 	avoid 

and /9•Alanine are the only three amino acids tested which 

trance ate with Yfrdicacovaleric acid at an appreciable rate in the 

preemies of crude enzyme extract. It was of interest to see whether 

more than one enzyme was involved. 

Partial unification of the ozude env= extract, first with lin012  

to remove moleio acid, then by (NHis)2,904,  fractionation at 40, 6o%, 8c$ 

and 100% saturation showed. no separation of the activities towards 

.alanine and /3-alanine. The activities and recoveries in each fraction 

were identical. However, moil of the activity toward* iii•alanine was lost 

on purification. The results in Table 11 strongly indicate the 

presence of an alanine racemes in the crude enzyme extract. Theo,  show 

that Rralanine, on incubation with crude enema extract, is converted to 

a compound which toms ALA on incubation with Yosidioxovaleric acid in 



the presence of, partially purified ensvme. grALtuilne itself gives 

very little. ALA on incubation with Yfrdioccoraleric acid in the preserve 

of partially purified ensyme. 

TAB 11 

dInee fair an alantrat rapeme in crude enacts extract, 

Assay: Fir reten4ne or i mlanine, 10 µmoles; pyridoxel phosphate*  0.1 peels; 

phosphate pH 7.4. 75 timoles; mode .enqne extract (ge 0.23 mg. protein); 

and water to 0.55 ml. were pre-incubated at 37°  for the times stated. 

Mixtures were boiled for 3 min. and the protein precipitates removed by 

oentrifilgation, To each supernatant was added Yo-diozovaleric 

I ;mole, and 0.1 rot. of the combined 40 61:6 and 60 w  80% (11114.)Fpie.  

fractions (preparation described in text). Incubation at 37°  for 30 min. 

Reaction stopped with trichloroseetio acid end AM estimated. 

Substrate 	Time of pre.incubstion (aim) 	AI (smiles) 

D.Alanine 	 30 	 .0112 us 
L-Alanine 	 30 	 .0181 = 
D./1.14min* 	 0 	 .0029 = 
L-Alanine 	 0 	 .0189 

trensamineme activity has been assayed in crude ensyrae 

extracts from organimns grown under different conditions The resat/ 

will be described in the appropriate section. The standard assay system 

used was iralanine, ID ;moles; Yb-dioxovaleric said, I pole; phogliate 

buffer pH 7.4, 75 µmoles; crude enzyme extract and water to 0.75 la. $ 
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Fig. 19 	Effect of a-ketoacids on ALA synthesis 

Glycine, 25 pmoles; sodium vaccinate, 25 gmoles; CoA, 
0.05 pmoles; ATP, µmoles; pyridoxal phosphate, 0.1 gmoles; 
MgSO4., 0.5 pmoles; GSH, 2.5 proles. Phosphate pH 7.4, 
75 pmoles; exude enzyme extract (= .53 mg. protein); pyruvate, 
a -oxoglutarate, oxaloacetate (all adjusted to pH 7 approx. with 
NaOH) as stated. Total volume 0.75 ml. Incubations at 37°  
for 45 min. and 90 min. Reaction stopped with trichloroacetic 
acid and ALA estimated. Results expressed as percentage of 
controls and average of results at 45 min. and 90 ndm. plotted. 

Pyruvate 	a-oxoglutarate 0 	0; oxaloacetate6----41. 



incubated at 37°  for 15 min. Reaction stopped with trichloroaoetic acid 

and ALA estimated. Specific activity is expressed as moles ALA/mg. 

prote*15 min. 

piptsible role of amisioaoetone and ALA, transaminase in the 
control of -porphyrin synthesis 

If Lftelanines.A1411 transaminase is active enough to control the emexent 

of ALA available to form porphyrins is whole organisms then on addition 

of pyruvate to a eysten forming ALA in the prelim°e of crude =nume 

extract, same of the ALA ought to be removed by trans/urination. The 

results of such an experiment are shown in Fig. 19. The rate of 

synthesis of ALA was not linear over the 90 mine but the percentage 

inhibition by the- a4etoonids was approximately the same at both 45 and 

90 rain. and the average veins is shown. The inhibition by pyruvate 

is what would be expected if ALA. were being removed by tranaminationt  

but as reported on p. 60 there is only a weak Tr; Ontalula acid-ALA 

transaminase activity in crude enryme extracts. The addition of 

/lamina (20 poles) does not inhibit ALA production, and when added 

with pyruvate does not reverse the inhibition caused by pyruvate. 

.Aminosostone (1 icsole) added to the mate. for .ALA synthesis under 

the conditions described in Fig. 19 does not inhibit the reaction. 

As found with the swine from liver (Gibson lija.#  1955) and the 

one from chicken erythrocytes (Graniake  1958), aminometone is not a 

substrate for ALA debydreute and at a concentration of /40 moles in the 

standard assay system (described on p. 20 ) does not inhibit porpho' 

bilinogen production. 



THE ROLE OF BIOTININ DORM-MIN AND BACTERIOCHLOROEHILL BIOSYNTHESIS 

Lamellas (1956) reported that when Roe. wheraides, after growth, 

were illuminated in Mixture I, containing a-oxoglutantte and glycins 

(composition of Mixture I is given on 17) free porphyrin accumulated 

in' the medium. This porpbyrin was mainly coproporphyrini .  but contained 

acme uroporphyrian If the organisms were grown in a medium deficient 

in niostirdo acid,, thialdnep or biotin (the  only three essential vitamins 

for the growth of R. erbertAdes) no porphyrin was termed on 

J33undeetion in Mixture I unless the deficient factor was waded. 

Deficient organisms tamed porphyrin when illimdnated in a medium 

containing ALA. (Mixture II) at the same rate as ,normal organisms in the 

absence of added vitamin. These results indica.  ted that the produotion 

of ALAi not its utilisation, was being,blooked in vitamin deficiency. 

Lasoelles (1956) thought that defielency of nicotinic acid and thiamine 

could block-the conversion of a.omoglutarate to euociny2...CoA, but offered 

no explanation for the role of biotin. It was thought that b.totirk might 

be involved in lb* actual condensation of sucednyl-CoA and glycine to 

form ALA. Sines relatively little is brown about the properties, of 

the enzyme involved in this oendensation, that is ALA synthetase, it was 

decided to investigate the role .1thich biotin played in porphyrin 

biosynthesis. 

Lamellas' (1956) findings with biotin deficient organisms have 

been confirmed and extended (Table 12). 

litamation of porphyrin by biotin. deficient 	 mas from succinst* 



TAW 12 

Effect of biotin deficieneY on roriftrin preduotion 

Organisms which had been gay= aerobically in the dark in the presence 

of 5.4. x 10-9M biotin were harvested and iThuninitted, in the media In 

stated, under standard conditions tor 24 hr. Biotin where added is 

4. x lefig 

Medium 

ILix'atre I 

Mixture I 

ur 

Idix

Mixt

4a 

e  

ule IS

IS 

 

Mixture II 

Mixture II 

Biotin Etialohyrin (iminoles/m1.) 

13.5 

50.3 

6.6 

21.6 

33.5 

37.3 

and glyoine (Mixture IS) also requires the addition of biotin. - Since 

succinat* and a-oxoglutarate are converted to suocinyl-CoA by two 

different ensymes, neither of which is a biotin marine, this reMalt 

would indicate the probability that the step which requires biotin is 

the ALA eynthesis step. 

When 3xnmal organisms are illuminated in Mixture I, growth and 

beeterlechloroPhyll synthesis occur. Biotin was required for growth 

and bacteriochlorophyll synthesis when biotin deficient organisms were 

illuminated in Mixture I or Mixture Is (Table 13). 



TABLE 13 3.3 

i Biotin remirement foran...s_slwahWa tz_and baoteri 	11 
morthesis V biotin defiolient orsanismq 

Aerobically grown biotin deficient organisms illuminated in the 

medinam stated, under standard conditions for 24. hr. B1 rtin, 4 x 1011 

added, where stated. Baoteriochloraphyll ilatimated by the method of 

Van Niel & Arnold (1938). 

Medium Biotin Dry weight of 
organism 

Pozplwrin 

( 	x 3.0 (mgebD24,) (1=0104/30-• 

Mixture I r 1.43 1.6 

Mixture / + 2.64. 1449 

Mixture IS . 3.08 1.2 

Mixture IS 2.38 3.7 

Noniiinoubated 1.16 1.6 
control 

Baaterio- 

(thilgaZierVat) 
0.88 

7.9 
0.76 

4.6 
0.0 

No growth or bacterlochlorophyll synthesis occurs on illumination 

in Mixture II of normal or biotin deficient organisms. 

Aerobically grown organism contain very little bacteriochlorophy13.. 

and Lasoelles (1959) reported that adaptation, involving protein 

ayntherds, was required before aerobically grown organisms formed pipstent 

on 411tem4ne.tion. Since biotin night be involved in this adaptation 

all Airther work has been done with normal and biotin deficient organisms 

grown anaerobic:101y in the light. It was found that addition of 

biotin to biotin deficient light...grass organisms is required beibre 

growth and por;hyrin and bacteriochlorwhAl synthesis occur (Table 14.). 



TABLE 14 

Requirement for biotin of biotin defics4ent axssez 4oellyorsu. 

Nornal or biotin deficient organism grown anaerobic ally in the light 

with the biotin ooncentration stated, illuminated in Mixture I under 

etarard conditions for 23 hr. 

Biotin in 	Added bisztin 
growth medium 	48 -x 10""ula) 

4 x 104V 	 4* 

Biotin added where stated. 

Dry weight of 	Porphyrim 
organism* 	tgamoles/ml. 
(112./54+) 

2.21 	13.1 

Bsoterie• 
chioxop.431 

(posolentiolip 

14.2 

4 x 10'8M3 2.21 9•5 42.6 
2 x 3.0-9ti - 1.59 3.8 '25.4 

2 x 104'9X + 2.25 9.6 42.0 

8 x 10'np 1.10 0.9 17.2 

8 x 10`°ti + 2.26 7.1 35.3 
4 x IAI tal'Imb 

iibnitd .. 
.0 0.99 0.0 23.9 

2 x 10"911 netted 
ccetrols 

- ©.99 0.0 25.9 
8 x 10 0.99 0.0 19.2 

Reducing the biotin content of the growth medium reduces the yield of 

organisms obtained. In addition it reduces the pigmentation of 

the organisms (Table 15). 

However, organisms whose grvvrth and pigmentation are not reduced 

may still be biotin deficient in that they need biotin to be added 

before they grow, or form porph.yrin end bacteriochlarophyll when 

illuminated in Mixture I. The organisms used in the experiment reported 

in Table 34 all gave the same growth yield and as can be seen in Table 14. 



MA 
synthetese 

ALA 
dehydrase 

I x 101 .072 (100%) .028 (100%) 
I 8 x 10'41 .048 (67%) .028 (10014 
I 2 x .041 (57%) .028 (100%) 
II 4. x itral .288 (100%) 4053 (1C0.%) 
II x 	arn .194. (67%) .051 (96%) 
n 4. x .150 (514) .04.7 (89%) 
III 4.x 3.0-811 .172 (100%) .118 (100%) 
In 8 x .088 (51%) .099 (84%) 
III 2 x 3.0"114:1 .072 (444) .075 (67%) 
IV 4. : 10414 .265 (MO%) a 
;V 6 204% .121 (4.6$) a 

V 4 x 1041 a a 
V 8 x a a 

moles product/mg. proteirjhr. 	;scales DailVms. 
protein/min. 

;moles ALA/mg. 
prat-W*15 min. 

Threonine 
debydrog. if-Ca-butyric Alanine..SLA 

dohYdrogy 	transaminase 

a 

a 

a 

a 

.093 (100%) .142 (100%) S 

.119 (1280 .162 (1144) 

.171 (184%) .225 (158%) 

.097 (IM) .171 (WO) .226 (10o) 

.098 (102$) .23/ (12$) .140 (0) 
a • 094 (100) 

.091 (97%) 

TABU 16 

Enna* activities in normal and biotin deficient sell extracts 

Al]. cultures grown anaerobically in the light; biotin concentration in growth medium as stated. 
Assays for ALA synthetase p. 19 ; ALA dehydrase p. 20 ;- threcnine debydrogenase p. 4.7 ; 
if-hydroxybutyric acid dehydrogenase p. 49 ; kslanine.ALk trensaminase p. 63 • Crude enryme 
extracts used in all assays. Experiment I was performed with extracts prepared by ultrasonic 
disruption, the others with Hughes Press extracts. 

Exp. Biotin in 	 Enzyme activities 
growth medium 



the organisms grown with 2 x 10-511  biotin have the same baoteriochlorophyll 

content as normal .organimins. 

TABLE 3.5 

Effect b 

  

of 

 

litt• .' 4. 	.7. 	• 	Se, 	• 0, 

   

The organisms Were grown anaerobioally in the light in Medium B with 

the Concentrations of biotin stated. Estimations as described on p. 18 -4. 

The results are the average of two experiments. 

Biotin 	Dry weight of 	Bacterioahlorophyll 	Carotenolds 
°ramie= 

Yellow 	Rid.. 

4. x lei 	1.5O 	 23.9 	3.09 	1.99 

8 2c le 	1.04 	16.7 	3.63 	1 28 

4. x 10"110M 	0,80 	 . 13.7 	1.14 	1.3.6 

Ens aotivi4ep in o311.afree extracts of rormal and  
biotin deficient orwrolisfes 

To investigate the problem flirther. enzyme extracts were made fran 

normal organisms and organisms grown under identical conditions except 

that the biotin in the growth medium was reclined. These extracts were 

assayed for ALA gernthetase. ALA dehydrase. threonine dehydrogenaae. 

/3.-hydrorybutyric acid dehydrogenase and iralaninomALA transeminase 

(Table 16)4 

ALA synthatase is the only mome whose specdfio activity is 

consistently reduced in biotin deficiency. ALA dehydrane is sonetimes 

µmoles/mg. dry wt. 	Pg•Ange,  dry wt. 
mgeiml. of vulture 



TABLE 17 

Effect of illumination in Mixture I on ALA synth enswme activities 

 

Organisms, previously grown anaerobically in the light in the presence of different biotin 
concentrations, were illuminated at 2 mg. dry wt./ml. in Mixture I at 34? for the times stated, 

with or without added biotin. Organisms harvested and enzyme extracts made. Assays of enzyme 

activities in crude extracts as described in Table 16. 

Exp. Biotin in 	Biotin added to 	Time of 	 Kumme activities 
growth medium mitmination 	illumination 

moles product/mg. ;mole DrWmg. 
(4 x la°811) 	0..) 	protein/hr. 	protein/nip. 

ALA 	Threonine 	fi6OH-butyric 

	

gynthetase dehydrog. 	dehyirog. 

I 	4 x 10w8M 
I 	4 x 1014 
I 	6 x 10 1O 
I 	6 x 10-10m 

= 

1 	6 x Ural 

II 	4. x IkrIN 
II 	4 x 10-4 

II 	6 x ILA 
II 	6 x 1040; 
II 	6 x 10-1014 Is 

- 0 .326 .117 .165 
- 20 .102 .072 .114 

0 .210 .153 .206 
.. 20 4130 .197 .289 

20 .112 .081 *093 

... 0 .242 .082 

. 20 .054. .093 
0. .234 .128 

- 20 .118 .170 
+ 20 .061 

• 
.117 



reduced in extreme deficiency. Both threonine and 19-hydroxybutyric acid 

clehydrogenase are increased significeurtly in biotin deficiency, and 

L-alaninetALA transom:blase activity is not affected. Extracts prepared 

by ultrasonic disruption give lower activities for ALA awnthetase and 

ALA deIydrase than those prepared by the Hughes Press. The reason for 

the differences in absolute activities of ALA anthetase in different 

experiments is not, lcacern, but the constancy, of the ratios in extracts 

from normal and biotin deficient organism indicates that the zyductions 

in biotin deficiency are significant. 

The ALA synthetase activity in extracts frail biotin deficient 

organisms could not be increased in, vitro  by addition of biotin, biotin 

plus ATP, or boiled extracts of normal organism. 

AU attempts to purify ALA wynthetame failed. If purification had 

been obtained the presence or absence of biotin as a component of the 

*wpm could have been determined. 

As described above, illumination of biotin deficient organisms in 

Mixture I plus biotin resulted, in grcnrth, and, porphyrin and bacteria. 

chlorophyll acinthenis. If the synthesis of pignents is being stopped 

by the deficiency of ALA eynthetase, the response to biotin should be 

aoocapanied by an increase in ALA gynthetase activity. In the 

experiments described in Table 17 no increase in ALA Eynthetase activity 

can be demonstrated when biotin deficient organism are illuminated in 

Mixture I in the presence of biotin. 

The level of ALA nynthetase in normo.1 organisms falls on 

illumination as does that in biotin deficient organism. The results 
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0.5 	1.0 	1.5 
Pkv ID IN) (knits} 

2.0 

Fig. 20 Effect of  avidin on ALA synthetase activity 

Assay from succinyl-CoA and glycine, exactly 
as described on p. 19. Crude enzyme extract 
containing approx. 0.3 mg. protein used. 

avidin 2.5 units/mg. protein 

avidin 4. 9 units/mg. protein 

avidin 9.6 units/mg. protein 



ehbw that the rezponee to biotin does not appear to involve an increase 

in the activity of ALA aynthetase. In biotin deficient organisms 

illuminated in the absence of biotin the threonine. and i3..hydrorzybutyric 

acid dehydrogenase activities increase; on addition of biotin those 

activities fall. 

Effect of etvidin on ALA eiynthettse 

A commercial preparation of avidin (245 units /mg. protein). was 

tested for its ability to inhibit ALA synthetaee activity in crude ensyme 

extracts. A marked inhibition was obtained (Fig. 20). The effect 

appeared to be specific. Other egg-white proteins fo,  ovalbumin, ovemucoid 

and lysorzme 4.. did not inhibit when used at the same concentrations as 

avidin. The avidin did not inhibit threonine dehydrogenase, nor did it 

interfere with the colori.rnetria estimation of ALA. Avidin, preincubated 

with excess biotin, under a variety of conditions, still inhibited the 

anogere. This was "uprising since the avidinubiotin oc:eiplex does not 

inhibit other biotin containing enzymes under conditions where avidin 

itself inhibits. AVIIIIII inhibition could not be reversed by having 

excess sucoirtyl-OoA, or exoess pyridoxml phosphate present in the assay 

eystem. 

The contradiction was resolved by using parer avidin, 4.9 tabs& 

protein and 9.6 unite/rag. protein. The sample containing 4.9 units/mg. 

still inhibited (Fig. 20) but the quantity required for 50% inhibition 

was twice that of the catmercial avidin, and avian, 9.6 unitWing. did 

not inhibit ALA synthetase activity. This avidin. containing 9.6 units/s 

of protein, is approximately 8C pure. This estimate is based on the 



TABLE 18 

Properties of rdootinic acid and thiepine deficient 'organsns  

All cultures grown anaerobically in the light as on p. 15« Levels of vitamins as stated. 

Dry weight of 	Bacteriochlorophyll 	Enzyme activities 
organism 

of culture  immuleWmg. dry wt. timoles product/mg. 	moles DPriff/mg. 
protein /hr. 	protein/min. 

Vitamin 	Conc. in 
growth medium 

rig. jml. 

ALA 	Threonine 
gynthetase dehydrog. 

SOH-but yrio 
dehijdrog. 

Thiamine 3 x143 1.39 19.8 .328 .071 .127 
Thiamine 30- m 0.85 17.3 .224 .090 .136 
Thiamine 5 x lo"9,7  0.76 13.4. «140 .088 .132 
Thiamine 2.5 x 10 0.61 .156 .076 .135 
Nicotinic acid 8 a 10"62 1.31 21.8 .348 .072 .118 
Nicotinic acid 

r 
 x 10"711 0.89 18.4. .144,  .053 .091 

Nicotinic acid 1.5 x 3.04'714 0.39 .180 .048 .091 
Nicotinic acid x 30"814. 0.21 .052 .072 .074. 
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purest preparation of avidin which Dr. Green has obtained, which binds 

3 molecules of biotin per molecule of protein, and which he judges, on 

the evidence available, to be "pure avidiss. 

These remits indicate that it is sane other egewsdaite protein, net 

avidin itself which is inhibiting ALA synthets.ea, ani that ALA synthetase 

is not a biotin enigmas. 

Levels of smarms in other deficiency conditions 

Since ALA synthetase does not appear to be a biotin *none it lifts 

decided to see if ALA. gynthetase activity is reduped in other growth 

conditions, which are smtavourable for baoteriocblorophyll synthesis. 

Organisms grown aerobically in the dark contain little pigment and the 

activities of ALA eynthetase and. ALA dehydrame are only a quarter 'of 

those in light grown organisms (Leuscelles, 1959). Organics  grown 

anaerobically in the light under conditions of nicotinic acid car thiamine 

deficiency or where malate in the growth medium is replaced by acetate 

do rsot grow well and their bacterlochlorophyll (=tent is low. 

Organisms grown under these conditions have been tested for various 

enamels (Tables 3.8 and 19). Acetate grown organisms are very poarly 

pigmented,' being moire closely related to organisms grown aerobically 

in malate medium than to ones grown anaerobicealy in malate medium. 

Under all these coalitions which are unfaw ?arable for bacterioii 

claorophyll production ALA, eynthetase activity is significantly reduced. 

ALA dehydrase activity is reduced in acetate grown organists, but it 
has not been tested in nicotinic acid or thiamine deficiency. The other 
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enzymes tested are not affected• The ALA ey'nthetase activity appears to 

be related to the ability of the organises to produce bacteriochlorophylli 

and the reduction is not specific for biotin deficiency. 

TABLE 19 

Comparison of en erre activities in orrianiens srown anaerebicallY in 
the light in malate and in acetate 

Organisms grown anaerobically in the light exactly as described on 

p. 15 and 16. 

Substrate 	 Enrolee activities 

proles produot/mg. protein/hr.' ttmeles DPW Moles ALA/mg./ 
mg./min. 	15 min. 

ALA 	ALA Threonine 	tyrio ALA 

	

eynthetase dehydrase dehydrogo 	dehydrog. tranasminase 

Meat* .326 .099 .089 .188 .103 

Acetate .035 .020 .087 .160 .104 

The other major piga2ents of these organisms, the oarotenoids, are 

closely related to bacteriochlorephyll in that conditions which reduce 

the concentration of one pimiento  reduce that of the other (cf. Table 15). 

These pigments are known to be contained in the chrcmatopharese  the 

intracellular photoeynthetio particles. It was thought that some of 

the unfavourable growth conditions might be inhibiting chrornatophmw 

synthesis and so indirectly inhibiting pignent synthesis. lonotomornthetio 

particles were therefore isolated from normal and biotin deficient 

organisms by the method of Newton & Newton (1957) and various components 

estimated by the methods reported by Newton & Newton (1957). Protein, 



bacteriochiorophyll, carotenoide, carbohydrate, total haen1m4 total 

phosphate, lipid phosphate and total inorganic iron were estimated. 

Expressing the moults per mg. of protein, the only ones which were 

re&uced in biotin deficiency were bacteriochlorophyll and oarotonoid. 

Thus biotin deficiency does not appear to be lombiting chromatophore 

synthesis by inhibiting the grnthesis of one of the emote other than 

the pigments. 

The phytol group in the bacteriochlorophyll molecule is very 

similar structurally to the caxotenoid molecule (Fig. 2) and both are 

probably synthesised in vivo from mevalonio acid. If mevalonio acid 

synthesis were blocked under deficiency' conditions bacterioohlorcphyll 

and carotenoid grnthesis mould be inhibited. One of the two Imam 

biogornthetic pat ative 1Parl3rg to movaloni.o acid, that frau letxcine 

(the details'of which have been worked cut twHachhawato  Robinson & 

Coon, 1956) is known to require biotin for the'oarboxylation of 

p6methyl crotonylsCoA to ft-methyl glutaconyl-CoA (Lyneni  Knappe, Larch. 

Juitting& Riteslaanno  1959). 

Addition of mevelonic acid to biotin deficient arganisma did rot 

relieve the deficiency. however, /4Comevalonio acid was not incorporated 

into bacteriochlorophyLl or carotenoids, possibly because the cells 

are impermeable to mevalonic acid. 

THE EFFECT OF ETHIONLE 01 THREONINE ON PORPHYRIN AND BACTERIOCHLOROPULL 
SINTHESIS 

In early experiments protein synthesis inhibitors were tried to 
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see if they could inhibit the response to biotin. The compcunds used 

were DL-rfluarophenylalanine, 8-amoparrines  5-bromouraoil and a.-ethionin 

The first three were partially fuocessfta in stopping growth ant 

porphyrin and bacteriochlorwhyll synthesis 'then added with biotin to 

biotin deficient organisms illtuninated in Mixture I. In the presence 

of EIL-ethioninet  although no growth or bacteriochlorophyll synthesis 

oocurreds  a large amount of free porphyrin accumulated in the medium. 

This effect occurred with ethionine even in the absence of added biotin 

(Table 20). 

TABLE 20 

Effect of 
 Isrficice="heo 	

s e ethionine an4 br 	n a on bioti  
d   

Aerobically grown biotin defialant organisms were illuminated under 

standard conditions in Mixture I for 26 hr. 1-2-Fluorophereitalanine 

5-ethionine 101.t and biotin 1 x leg added *ere stated. 

Additions Dry weight of 
organisms 

miCrinair 

Porphyrin 

immolee/ad. 

Baoterlocallorosbyll 

ParacamAll• 

None 1.08 2.8 10.8 

2-1Finorophenylalanine 0.60 3.9 7.8 

Ettionine 1.26 30.5 _1.6 
Biotin 3.24 4.9 38.6 
2-Fluorophenylalanine 0.54 4. 4 10.5 

+ biotin 

Ethionine + biotin 1.26 25.0 6.6 

Non-inoubated control 0.96 1.1 4.9 



4.Ethionirse gave the same effect when added to biotin deficient 

organises illuminated in Mixture It  Mixture IS or Mixture n (Table 21). 

TABLE 21 

Effect of I7 -ethionine on illuainittion in differrit media 

Aerobic grown biotin deficient organises illuminated tutor standard 

conditions in the media stated for 22 hr. DL.Ethionine will; biotin 

x 10-81 where added. 

Medium 	Additions 	Dry weight of Porpkyrin Bacterioabloraphyll 
organisms 
mg•fral• 	;Amper/al, 	peimoleiVal 

Mixture I None 

Mixture X Biotin 

Mixture I Ethionine 

Mixture IS None 

Mixture IS Biotin 

Mixture IS Ethionine 

Mixture n None 

Mixture II Biotin 

Mixture II Etbiorrine 

Non.incubated control 

The effect of ethionine in. the ALA sodium was found to be different  
from the effect of ethionine in Mixture I and in Mixture 18. As will be 

discussed later the effect in Mixture I is specific for ethionine, while 

in Mixture II other compounds related to ethical** methio.eine, 

1.00 14 41 

2.73 33.8 12.9 

1.20 21.4. 3.6 

0.87 3.6  3.7 

1.86 28.2 8.1 

1.17 37.2 3.6  
0.87 31.8 2.3 

0.85 10.7 1.2 

'0.93 38.1 2.9 
0.93 1.5 1.8 



TABLE 22 

Effect of ethionine on normal and blotin deficient 02193XlifftIS 

Anaerobic.l]y grown organisms, grown in the, presenoe of the amanita of 

biotin stated, illumina.ted under standard oonditions in Mixture I for 

20 hr. L.,-Ethionine 5 x 10 311 where added. 

Biotin in 	Addititans 	Dry weight of Porphyrin Bacterloahloro. 
growth medium 	 organism 

	
PAY 

pmmoles/m1.) 
(InifdraL) 	 (immolesfal.) 

is. x 10-8M 	None 	2.22 	33.2 	17.6 

4. x 101 	Bthionine 	1.51. 	57.6 	6.4 

2 x 10-9M 	None 	0.84 	4.8 	8.0 

2 x 10-11 	Ethionine 	1.50 	53.3 	6.7 

8x 20 M 	None 	0.72 	3.6 	4.7 

8 x 2.61:°11 	Ethionine 	1.26 	32.7 	4.0 

4.x 1044m 	None 	0.63 	3.8 	3.6 

4. x 10'31 	Ethiordne 	0.51 	6.3 	2.1 

4 x 104M 	 0.93 	0.0 	12.2 

2 x 10.* 	Nor -inoubated 	0.87 	0.0 	31.7 

8 x 20 	controls 	0.93 	0.0 	8.0 

4. x lel% 	 0.87 	• 0.0 	3.3 
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hoesocsysteinet  cysteine and glutethions give an increase in fsee porphyrin. 

All further work has therefore been done on the ethionine effect in 

Mixture I. 

The absorption spectrum of the porphyrins encinis,  "sting in the 

presence of ethionine is identical with that of porphyrins mac usulating 

in its absence over the range 355 610 an. 

At this point the use of aerobically grown organises was 

discontinued for the reasons stated on p. 67 sold all Airther work has been 

done with organisms grown anaerobically in the light. 

The effect of ethionine on anaerobically gsysnl organisms is the some 

as that described for aerobically 'grown ozganiens. This can be seen in 

Table 22. The effect of ethionine in promoting courillation of 

porphyrin decreases the greater the degree of biotin deficiency of the 

organisms. 

Isasoslles (1956) showed that nicotinic acrid' and thiamine deficient 

organises were oicivil*r to biotin deficient ones' in not forming porphyrin 

in Mixture I unless the deficient factor was added. Dlo.Ethiordne has 

also been shown to give porphyrin synthesist  tut rev growth or bacteria. 

chlorophyll aynthesis with nicotinic acid and thiamine deficient 

organisms in the absence of added vitamin. 

As can be seen in Figs. 23.a and b, Effrethioninet  when added to 

noisal organisms illuminated in Mixture I, completely stops bacterio. 

chlorophyll and oerotenoid synthesis and only partially stops growth. 

The amount of free porphyrin accumulating in the previews of et ionic 

is greater by a factor of two than the sin of porphyrin and bacteria,. 
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Fig. 21a and b Effect of DILethionine on growth, porphyrin 
bacteriTEhlorophyll and carotenoids 

Organisms, previously grown anaerobically in the 
light, illuminated at 2 mg. dry wt./mi. in Mixture I. 
Fig. 21a no addition; Fig. 21b plus DL-ethionine 5 x 10-3N. 
Samples removed at various times and estimated for growth 
(411---4), porphyrin (0 	0), bacteriochlorophyll (X 	X), 
and carotenoids (43---6) by the methods stated on p. 18. 



chlorophyll ;toned. in its absence. This is a reproducible feature of 

ethionine action, having been noted in other experiments not described 

here. In many experiments the afferent* is three or fair fold instead 

of the twofold difference described in Pigs. 2Ia and b. Ethionine 

ems to be st4n144ting porvhyrin excretion, the porphyrin formed being 

more than that expected if all that was happening was a block in bacteria-

chlorophyll synthesis. This apparent stimulation is also evident from 

the effect of ethionine on vitamin deficient organises, which do not torn 

am porpbyrin or bacterioohloroP411 in the absentee of ethionine 

arathionine stipulates porphyrin synthesis at a concentration of 

1041 (Table 23). In this everiment the amatnt. of porphyrin formed in 

the present* ofethionine is also greater than the sin of porphyrin and 

bacteriochlorophyll formed in its absence. 

TABLE 23 

Effie2t on different _cancentritions of Ii.-sthiosline in'ilixturs I  

Anaerobically grown organisms were illuminated in Mixture I for 20 hr, 

under standard conditions. 

aikEthionine 

DL-Ethionine added as stated. 

Esote.riochloroA/11 
(paoroloa/m1.) 

PorrhYrin 
(ummolosival.) 

5 x Wall 67.8 12.3 
Wet 95.0 15.8 
5 x 104 80.0 16.3 
lift 19.0 23.8 

.. 5.7 26.7 
Non-illuminated 

cxtntrol 
0.0 13.0 



At low concentrations of ethionine, although porphyrin accumuls.tion 

is still stimulated, some bacteriochlorophyll synthesis =airs. 

. The effect of kr  Ito  and DL-ethionine have been tested. All three 

preparations give porphyrin accumulation. The ratios, of activity 

kiDLID is 1.511.211•0• 

Thressnise effect on norzhrrin 	baotesr;oahZoivpboy12. synthesis in 
Mixture I  

A number of compounds related ani unrelated to ethionine were tested 

for an ethionine-litre effect on porpbyrin and bacteriochloropbyll when 

added to organisms it 	in Mixture I under standard illuminati= 

conditions. All the oompounds were tested at a concentration of 

between io1 and 20-4. The oanpounds tried Welllt armethionine, 

DL-hcsogystine 3:1,-hamocrystane thiolsotone'  lrcysteine, rec3ncsed 

glutathione, and it  and rasi-peniciLlamine, all sulpbur.containing compounds' 

violin, betaine, foximildebyde, a-qmerine and methanol, all ocelPoundll 

capable of yielding biologically active one-carban fragments; &.1-

norleucine, which like ethionine bm known to be a methionine antagonist; 

(Vaughan & Steinberg, 1959); acetic acid, acetaldehyde, ethanol, 

iraiPartic aci 1, kraisParagine. grtyrosins, 414-glutamic said, ki-tantemine, 

DL-alanine, DL-tryptopban, DL-threonine, kerginine, pyridoxine, 

pyridoxermine and /?..bydromybutyrio acid and amineaustone. 

Sane of these ocspounds slightly stimulated porpbyrin Production, 

saws slightly depressed it, and others bad no effect at all. The only 

one which had a 'nuked effect was a&threonine which stimulated porphyrin 

accumulation to almost the same extent as did ethieinine and which also 



stopped ba•3teriochlorophyll Isornthessis (Table 24). 

TABLE 24. 

Ocuporispp of the effects of artbreonine and Erethionine Mixture  

Anaerobicaly grown organiens illuminated in Mixture I under standard. 

conditions for 22 hr. 

rapt. 	Additions 

IL.Ethionine 104- 1 and DL.threonine 5 x 10.6 1i 

where added. 

Dry weight of 	Porptsyrin 	Bacterlochlorophyll 
organisms (Pumieslmie) 	(Immo1414411214 
(nd•Aels) 

I None 2.16 18.0 36.2 
I LI4Etbionlne =2 2.01 95.2 23.6 
I Drelbreossine 	• pep 	. 1.92 66.9 27. 
I Nonollimtrinted 

contia 
1.10 0.0 71.4 

Ix .Nose 2.30 16.2 32.1 
U arE thimble • 1.82 81.2 zo. 6 

1.96 38.0 25.'7 

II 1.06 0.0 23.3 
contra 

Sane of the oompowads were also tested for on effect on porphyrisi 

synthesis in Mixture IL liethionine, luxactsysteine•  oysteine and 

glutathione stipulated iprphyrin production as did ethionine. This 

shows that the ethionine effect on porphyrin owntbasis from c.oxogluterate 

and glyeine (Mixture I) is different frau that on porphyrin synthesis 
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from ALA (Mixture II). 

The mdmilarity of the ethionine and threonine effects is shown in 

Table 25 where it has been faux' that throonine stimulates perphyrin 

production in biotin deficient organism in the absence of added biotin. 

TABLE 25 

Eft t of replacing (N64) it  in Mixture I by ascrzsozsida on norcbsrin 
Sri eiii hY ne 	jand biotin defieient 	ses 

Normal end biotin deficient (grown in 10 11 biotin) organism 

illuminated in Mixture I (no (1'314)21'04) under standard conditions far 

20 hr. Nitrogen source as indicated (.006 ). 

Nitrogen scums ForPkirin (pemlo3.er/m1.) 

Normal" organism 	' Biotin deficient 

(NE14)211E04.  14. 1 0.8 

kftAsParagble 9.2 0.8 
km-Glutamine 13.7 0.3 

ar•Aleatine 23.7 0.6 

kbAnyinins 9.8 0.4 

11,41ethionins ass 3.5 4.0 
DL-Ethionine . ais 41,.2 49.5 
IL-Threcnine 122.0 91.5 mg 

In another. experiment using organisms which were more biotin deficient 

than those described above, altheugh ethionine stimulated porpbyrin 

synthesis in the absence of added biotin, threonine did not. Also 



threonine did not give porphyrin production with niootinic acid or 

thiamine deficient organisms wherea.s ethionine, did as described. on p. 82 . 

Whereas ethionine stimulates porphyrin synthesis at a concentration 

of let the lowest concentration of Dfr.threonine which is effective is,  

le3M. re. and. Dieol'hreortine at 5 x 10.14 give Crantitatively the one 

porphyrin production. 

Pox 	wins formed on illumination of organimns in Mixture I in the 

presence and absence of ethionine and threonine were extmoted and 

chreaatographed in the lutidineireater gates of Nicholas & ?Islington (1949) 

No new porpbyrins were found in the presetnat of ethionine and threonine. 

and none of the porplsyrins Tonally present were absent. The major 

porphyrin under all condition/3 was ooproporphyrine  oonfinning the results 

of Lasoelles  (1956).  In addition the spectra of the porphyrin solutions 

obtained after illumination of organisms under the conditions described 

above were all identlimet over the range 355 610 mos. These observations 

show that the estimation used for pox grin (p. 18) is a va14d measure 

of the quantitative differences in porphyrin excreted in the presence 

and absence of ethionine and threonine. 

Conditions rewired for ethionine and. threonine effects 

The effect of aaitting come of the caaponents of Mixture I or of 

hanging their conoentratiozus has been tried to see what oonlitione are 

enquired for ethionine and threonine stimulation of porphyx-ln production. 

I. 	Ammonium te. The presence of (11114)2404 was faint by 

Laseelles (1956) to be esseartial for porphyrin procktotion. As can be 



TABLE 26 

Requirement of metal ions in Mixture I for the ethionine effect 

Organisms grown anaerobically in the light were illmainnted in Mixture I 

(without 42+  • Coe+  and Mn2+) under standard conditions for 18 hr. Ths 

metals added back as stated; concentrations as in Mixture I; Ltleeethionins 

5 x 10".3t where addiod. 

None 

Mg2+* Ca2+* Mn 

NOM 

sks „_2+ 

2 Ca +  

Mn2+ 

1122+• Ca2+ 

.,_2+ 	2+ 
Pas 

Cs2+ Mn2+ 

2+*  2+• 
 

Die.Ethionine • Porphyrin (ismioles/m10) 

0.6 

15*0 

8.7 

88.5,:  

10.9 

5.3 

79.0 

97.0 

6.7.  

74.5 



seen in Table 25 varicus amino wide can replace (NEV2HPO4.  and the 

stivillAtiorz of porphyrin synthesis by ethionine-  and threonine does not 

require the presence of (14114)13704. 

2. Glvoine. ' The presence of glycine in Mixture I is essential for 

poxphyrin synthesis. Very little porphyrin is synthesised in its 

absence even when ethionine or threonine are added. 

3. Melair. LascelIes (1956) in working cut the caeposition of 
2+ Mixture I tonal that Mg2+  1, Ca arAd Mn2+ are all required for porphyrin 

synthesis. In the presence of ethionine Mg2+  is the only one required 

for the sthrfilat.ion of porphyrin production (Table 26). 

ReVer)11181 of ethionine and, threanine effects 

Methicnine and hcraeoysteine have been fcund to inhibit the 

aocusulation of free porphyrin in the presence of ethionine and 	nine, 

and also to restore the baoteriochlorepbyll synthesis (Table 27). 

As shown in Table 27 methionine and homooysteine *lone have little 

or no effect on porphyrin or bacteriochloroAyll production and 

hasocysteine at 101IP3d does not ocespletaly stop porphyrin aceutrulation 

in the presence of ethionine. licsaosysteine is ineffective at 10-44y€ 

Methionine at 10 in sane experiments oompletely reverses the 

ethionine effect and in others only partially reverses it. 

H.cmoserine (10-.3B) has been Vaud to reverse the threonine effect 

under conditions identical with those reported in Table 27. It inhibits 

porphyrin aocunulation iand restores bacterioahlorophyll synthesis. The 

()combination of homoserine plus cyateins which might be expected to give 



TABLE 27 

ethionine and threonine effeate by methionine and hawc steins 

Organisms grown anaerobioally in the light were illwronAted in Mixture I 

for 21 hr. under standard conditions. DII-Threonine (5 a 1Sf3M), 

1.-ethionine, ilirmethionine and W.hostogysteine (all at 104.31.1). added where 

stated. 

Additions EbrPhYrin 
(oneoles/m1.) 

Bacterlochlorophyll 

(ismiles/m1.) 

None 16.2 45.1 

Le-Me *Janine 12.8 33.8 
Dlodioesoqysteine 15.8 49.§ 
firEthionine 77.0 26.4 
IrEth.ionine + 1r.Methionine 17.2 51.3 
k-Ethionine + D10414xnoconsteine 3624- 49.5 
EL-Threonine 77.0 32.3 
JIM 

DL..Threardne + ro.Methionine 19.0 53.0 
Die-Threonine + DIehliomooysteine 18.1 55.0 
NAM 

Nonw.insubsted o3ntrol 0.0 26.5 
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homocysteine n vivo has a similar effect, neither hanoserine (10.19 

nor hanoeseri ne (2 x 10.- 11) plus cysteine (1)- M) rovott,e the ethionine 

effect, with ethionine at 2.0-13/.. Hanoserine, and hanoseriue plus 

cysteine, have no effect on porphyrin and bacteriochlorophyll Eorrithesis 

in Mixture I. 

Various related caspourda do not reverse the ethionine and threonine 

effects cysteine, hasocystine,, serine, pyzuva.te and norleucine. The 

following have only been tested against ethionine choline, betaine, 

glutathione, D and mirenialllemine they are ell Ineffective. 

torealdehyde at 2.5 Jr lest stops porphyrin ac ermilatzton in the presence 

of ethionine and *trepan°, but it does not give an inc ease in ba,cteric-

chlorophyLl; at 5 x 10441M it is ineffective. 

Methionine In sane experiments but not in others, has bean shown 

to decrease porphyrin acarsulation and increase bacteriochlorophyll 

synthesis when added to Mixture I. 

peversal of ethionincard throonine effelti4 by  ixon 

Lasoellea (1956) glowed that Orli tion of Pe2+  to Mixture I 

dear eased the amount of free porphyrin and inorrased the amount of 

baoteriooblorophyll form& The increase of bacteriooh3.orophyll in the 

presence of iron was latch less than the free porphyrin totaled in its 

absenoe. The effect on porphyrin production of adding different nocunts 

of Fe2+ to Mixture IS in the presence of different seraants of ethical* 

and threonine is shown in Table 28. 
°mantras incubated aerobically in the dark in Mixture I do not 
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excrete porphyrins even on the addition of ethionine. 

Ethionine has no effect in On]) free wsterna on .PLA vnthotase or 

ALA. dehydrase, and ethionine and threonire as shown on p. 60 ; have no 

effect on T,..aianine•ALA trannarns ns   se. 

Ethionine has no effect on the accumulation of aminoacetone on 

i11ittnirtp  tic= of organisms in Mixture I at lav or high buffer 

concentrations. nor has increasing the buffer concentration, lean-ling to 

aminctaoatone accumulation any effect on bacterioch1ca•ophy11 synthesis in 

the absence of ethionine. or on porphyrin excretion in the presence of 

ethionins. 

TABLE 28 

Effegt of Fe2  on yo 	aosaail‘tion Mixture I 
and absent," of ethtonine And thrsonine  

 

the Presence,  

 

Organisms grown anaerobically in the light were 4Thuninpted  under 

standard corditions in Mixture IS for 20 hr. Additions as stated. 

Additions 

11.6 

Porph,yrin (piamolosima.) 

Pe2+ 

10 	101: 	10"4kta  

4,4 	1.7 	a.9 
moethiordne (2.5 a 10-0) 52.2 18.7 7.9 4.2  
lkEthionine (3D" 51.2 37.5 ).7 17.6 
DL-Ethionine (5 z 1.011) 44.6 47.5 48.9 48.9 
BL-Threonine (5 x 10.19 50.0 4. 24.5 .. 



THE ORIGIN OF THE METHYL WAR GIMP OF BASNERIOONLOROFITILL 

The chlorophyll and bacteriochlorophyll molecules have a methyl 

ester group on the propionio acid aide chain of ring 0 (Fig. 2), that 

is on the side chain which forms the isocyclio ring in the complete 

moleoile. Very little is known about the biogenesis of methyl ester 

groups in nature. The encomia formation of methomy gawps and of 

rf-methyl groups have been stern, in every oase where they have been 
11B 

studied anemically, to involve S-adenosylmethionine as the methyl donor. 

The origin of the methyl group in chlorophyll has been studied 

previously by Green, Altman, Richmond & Salmon (1957) who shared that 

chlorophyll isolated from cultures of Chletrilla vulmeris grown in the 

presence of 140-formate was labelled in the methyl ester group, but not 

in the rest of the molecule. 

The results reported in the last motion with sthionine and threonine 

suggest that these compounds are blocking the synthesis of baoterio. 

chlorophyll by interfering with some metabolic reaction of methionthe. 

It was thought to be important to obtain some results on the role 

played by mithionine in baciterioohlorophy21 synthesis. In the 

experiments to be reported the carotenoids of Ris. stheroidsp have also 

been investigated. 	The two major carotenoids, the yellow and red 

carotanoids, each contain one methomor group per molecule (Staniar, 1959) 

(FiEir 2), which by analogy with other Wawa grave is probably 

donated by S-adenogyimethionine. 
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Exkerimentpl. Lnaerobically grown Rps. spheroide4 1101•0 411midnated 

at 2 rag, dry wt./ml. in Mixture T for 18 hr. at 3e tinder these 

conditiens the dry weight of the organisms doubles, as does the amount 

of baoterioohlorophyll and carotenoids (see Pig. 21). The incubation 

mixture, total volume 100 ml. also contained WSJ ine[methy1414]methionies 

(0.2 pc/mole). A control was set up having an identical ocelposition 

but being only 50 ml. in volume. This control was kept at 0°  instead 

of being illuminated. 

At the end of the illumination portions of the experimental and 

control were removed for estimation of bacteriodaorophyll and oarotenoid 

by the method of Cohen-easire eg. (1957). The rest was harvested, 

washed with water and made into a thick suspension which was crushed 

in the Hughes Press. 

Extraction and Purification of the Disments. This was dame by a 

modification of the method of Kamen (1956). The pigments were extracted 

from the broken organisms with acetone. To the acetone extract was 

added 5 ml. of light petroleum (big. 60 Se). The acetone was 

removed by passing the solution through a large volume of water; the 

light petroleum solution, containing all the pigments, was dried over 

MgE104., filtered and taken to dryness under reduced presatre. The 

residue was dissolved in the minimum of light petroleum oontalving a 

trace of carbon tetrachloride to facilitate the solution of the 

bactoriodamphyll. 

Sucrose (ocemercial sugar) was powdered in a mortar and sieved 

(40 mesh). A thick sludge was made in light petroleum and a column 
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6 x 0.5 in. prepared and allowed to settle. The pigment solution was 

applied to the column. Elution with light petroleum brought oft the 

yellow, then the red carotenoid. These were collected together. The 

bacteriochlorophyll which remained as a blue band at the top of the 

column during elution with light petroleum, was removed by adding acetone 

to the light petroleum (light petroleum: acetone, 9:1 viv). 

This besterlochlorophyll preparation is pure as Ndged by the 

spectrum between 400 rat: and 830 ma being identical with that given by 

Kaman (1956). 

Degradation of riurified baoterioohloronhYll and iso4tion of 

framents, The method used follows closely that given by Fischer & 

Stern (1940) who showed that alkaline hydrolyeis degrades bacteria. 

chlorophyll to bacterlochlorin a6, phytol, methanol and hig2+. 

Purified baoteriochlorophy13., 1.78 mg., was dissolved in 1.5 ml. 

of 24 methanelic K011, and the solution refluxed under nitrogen An° 3 hr. 

The methanol was distilled off, collected in a receiver cooled in dry 

ioe, and kept at *20°  until required, This distillate contains the 

methanol derived from the methyl ester grcup of bacteriochlorophyll. 

The residue was redissolved in methanol, and ether end water added. 

The ether phase was removed and the aqueous phase re-extracted with 

ether. The combined ether extracts were dried down to give phytol. 

The aqueous phase was acidified to pl.! 1.5 with ITC1 and extracted 

with ether to remove all the green pigment. The ether extracts, 

which contain the baeteriochlorin, were dried down. ©n paper 

chromatography in 2:6 lutidineowater (3:3.3 of v) (Falk, Dresel, Benson 



TABLE 29 

Quantities of pigments svnthesised during illumination with 140..methionine 

Component 

Before tiu7rifiutkt,lon 

Experimented 

(18/100 ILL ) 

.9400 

1970 

Non-111*aransted 
control 

(140/50  ml.) 

2173 

1497 

Amount synthesised 
during 413/mina:Um 

(IMO 

5050 

970 

Baoteriochlorophyll 

Carotenolds 

After Durifinsition 

Bacterinehlorophyll 	3560 	320 
Carotenoids 	 951 	254, 



& Knight, 1956), more than one porphyrin spot was obtained. This 

probably means that some of the bacteriocblorin has been ftirthar degraded. 

The complete fraction was used for estimation of radioactivity. 

Determination of radioactivity 

Solid counting. All samples were plated out as solutions on 

2 sq. an. planchettes. The solutions were dried, leaving a unifbrta 

layer of solid. The counting was done at infinite thinness, unless 

otherwise stated, in a Geiger end...window counter. Standards and 

backgrotoxl counts were done in all experiments. The standard gave 

apprmdmately the same count in all experiments. A linear increase in 

counts with increasing amounts of becteriochlorophyll was obtained up 

to 300 fig/2 eq. as. confirming that the counts' have actually been done 

at infinite thinness. 

Liquid scintillation counting. Solutions made to 0.5 ml., were, 

mixed with 5 ml. of dioxereeeethanol-ethylene glycol-,naphthalene 

(100:10:2:6 by vol.) containing 0.3g 2:5-diphenyloxasole and 0.02% 

1:4 biar2(5.phenyloxasolyl)benzene (Bray, 1960). The radioactivity was 

measared in the Panax liquid :scintillation counter (discriminator , 

12 volts, E.H.T. 1480 volts). The standard gave approximately the same 

value in all experiments. 

• ,Resultay. The synthesis of pigmentsonillumination and the 

recovery on purification is described in Table 29. 

The purified pimento were counted at infinite thinness (Table 30). 

From these resnits the specific radioactivity of the pigments 

synthesised during the course of the experiment ban been calculated* 



TABU 

aotivitor of);urified viamen's 

Solid counting at infinite thinness 

sample lig. Counta/300 sea.. (corrected. 
for background) 

Baoterioohlorophyll 89 817 

178 19D8 

Baoterlochlorophyll 
(control) 

320 16 

Caroteroid 95 2397 

190 4420 
Caroteneid 154 286 

(0=1=1) 

assuming that there is no metabolic turnover of pigment during the 

illumination. liethionine (0.2 µq/pnole) has also been ocunted at 

infinite thinness under identical ocolitions. 

i3aoterioehloroph7ll 	3022 ocuntsiitaolefidn. 

Carotenoid 	 5586 countr/pmolo/min. 

biethionine 	 28970 coulti/Ignoloiraini 

The haoterioohi orophy13. was degraded. and the fraoticos °minted in 

the scintillation counter (Table 31). The specific radioactittity 

of the methyl ester group can be obtained slaw a given volume of the 

methanol distillate will contain the methanol derivea from a known weight 
of haoteriochlorophyll. 
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Fig. 22 Measurement of radioactivity of bacteriochlorophyll 
by scintillation counting 



TABLE 31 

Lipid Acintille.tion °minting of frannerrts of bacrteriochlorophyll 

Sample 	 Bacteriochlorophyll 	Radickaotivity 	(corrected 
from which 	the 	fca background) ocvnts/ 
fragment ins derived 	 2 min. 

640 
Baoterioohloroi:byll. 	178 

Bacteriochlo  2.004,11 	356 
	

1613. 

Bacterinohlorin from 	1780 
	 21 

Phytol from 	 1780 
	

248 

Methanol from 	 237 	 5357 

Methanol from 	 474 
	

9848 

As can be seen the pigsent solutions pen& the seintillation. 

The bacteriochlorophyLl has therefore been =untied at law concentrations 

(Fig. 22). The °arm is linear at law OCCOantnIttians and this has been 

used to maculate a specific radioactivity for baateriochlorophyll. 

These data give a direct comparison between the radioactivity of the 

bacteriochlorophyll end the fragments derived from it. 

1 mole bacterioohlorophyll 

Methanol from 3. piecle baoteriochlorophyll 

Phytol from 2 mole bacterioohlorophyll 

Baoterloohlorin from 3. mole bacteriochlorophyll  

counts/min. 

99Z) 
	a 

64 

6 N 

The baoteriochlorin value is istobably law due to quenching. 	 

counting of the total baoterioahlorin gave 12 oounta/min. while solid 
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counting of the total phytol gave' faCmciountetain. 

These reatlts prove conclusively that iimer the experimental 

conditions used the methyl grew of methionine is incorporated 

Sp self Lc al ly into the methyl ester group of bacteriochl.orcrphyll bat not 

into the rest of the molecule. 	• 

A compariem of the specific radioactivities of the added methionine 

and of the pigments formed is given in Table 32. The values for 

specific radioactixities of the pignuts have been calculated asamdng 

no tuna:war during illumination. 

TABLE 32 

Svecific radleauttivitiest of methionine added& md of the visasenta formed 
in its oresenee 

Experiment I is the one described in detail above. Experiment II was 

dons water identical conditions using 101 methionine (0.2 tiohmele) 

and 5 x 	methionine (044 meAmtole), Al. radicaotivities 

determined at lifinite thinness. 

Espt• 	Cesi. et 	' 	Specific radioactivities 
'•itiethistosene 	 ocunttipoole,mice 

Methiomine 	Bactericehlarvilyll Carotenolda 

I 	lel 	28970 	3022 	586 

II 	urat 	28970 	3600  

n• 	5 x lel 	5800 	1883 

• liIirther experiments have been done in conjunction with Dr. K.D. 

Gibson to see if the ens 	step in methylation can be directly 
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HAEM (11.11) 

Fig. 23 Effect of haemin on ALA synthetase activity 

Assay exactly as described on p. 19. 
Crude enzyme extract (= 0.15 mg. protein). 
Haemin as stated. 

40 

d 
$ 
d -15
V  

0 

.30" 
• 

• 

Pctoro•P RI)vrr RI% 9.1.M) 
50 
	

100 

Fig, 24. Effect of protoporphyrin on ALA 
dehydrase activity 

Assay exactly as described on p. 20. 
Crude enzyme extract (= 3.0 mg. 
protein). Protoporphyrin as stated. 

0 



darnonntre.ted• 

Whole organisms were illuminated with ALA or protoporphyrin or 
hAsmin or Mg protoporphyrin in the presence of 140-methionine. Broken 

cell himnogenates were also incubat,ed with the substrates stated above 

in the presence of radioactive methionine or radioactive Swadermsyl.. 

methionine• The parpiwrins formed were isolated but no radioaotive 

porphyrin was faind. These experiments are being maim-led. 

EFFECT OF FOREURINS OF ALA SYNTHETASE AND ALADEHXDRASE ACTITMES IN 
EM0fME EXTRACTS • 

Having made protoporplwrin, Mg protcporpbyrin and haemin it was 

thought of interest to test than for an effect on ALL eynthetase and ALA 

detwdrase in eell..free extracts aims LasoeLles (1960a) showed that 

hated% when added to growing organism, represses the twnthesis of 

ALA synthetase aid ALA d.hydxase. 

&Lenin was found to inhibit ALA synthetase activity (Fig. 23). 

Protoporphyrin, protoporphyrin dimethyl ester, Mg protoporphyrin and Mg 

protoporphyrin dimethyl ester at a conoentration of 90 it were inactive. 

Pi otoporpbyrin inhibited ALA dehydrase (Fig. 24). Bassin and 

Mg protoporphyrin  at a concentration of 50 pitt were inactive. 



DISCUSSION 
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DISCUSSION 

Amiloacetone. The first reports of the possible role of aminoacetone 

Sri metabolism came  from  Shemin (1955) end igemeth, Russell & Shemin 
(1957). On administration to rats of aminommtone labelled with 140 

in the calm ataa bearing the amino group, the(' found that label 

appeared in respiratory 032, urinary formate and in the ureido groups 

of uric acid. This was exactly analasous to the findings with ALA on 

the basis of which the succinate-glyaine gyaelnuk postulated (Shemin & 

Russell, 1953).  Mauserall& Grandok (1956) then detected a small amount 

of an aminoaoetone-like amlnoketene in human urine. In studying AM 

Wnthetase, Gibson et al. (1958) and KilmohilLtja. (1959) chewed that 

the *moue was not specific for luoolpwl-Ook, but mould °widen** Ayoine 

with other aoy1.0ok compounds, atalower rate than with mocipApOok, 

to farm amiskoketones. 

The interest in aminoamptonewas increased when Elliott (1958, 1959, 

1960a) identified it as a product of the aerobic incibation of 

Staphylococci* mums in &mollusk containing threonine or in one 

containing glycine and glucose. Elliott (1959) postulated that 

amincaoetone could be metabolised byacydlic patheky similar to the 

suocinate-g.lycine cycle for ALA, and identified the first step of this 

cycle (Elliott, 1960b) by finding an enigma in cm-plemmilhioh oxidative1i 

dominated anima/Astons to methylglyozal. More recently, "Grata & 

GraniCk (1961) described the formation of amlnoacetone from p7ruvate and 

agoine, and from threonine in liver mitochondria, and also detected the 



breakdown of amincnoetone in liven 

Mijovio & Walker (1960) identified aminoacetone as a constituent 

of the antibiotio.miarocoocin P. 

These reports indicate that amintiaoatone may be an important 

ne.tural metabolite, and when a similar aminoketone was detected as a 

product of RD& intheroldes' metabolism it was of interest of identify 

and study it. Until's- reason for such a study is that being an analogue 

of ALA it wan thought that the eminoketone might play cane role in the 

control of porphyrin and bast eriochlorophyll synthesis. 

The amount of aminoketobe accumulating in the medium when mss. 

soheroides is incubated aerobically in the dark or anseroblearly in the 

light in a medium containing  a..ozoglutarate, fwaarate and glycin* is 

increased greatly by raising the buffer ooncentration to 0.2 and 

keeping the pH belay 7. Aerobically a further increase in eminokstone 

is obtained by raising the Mn2  concentration. The aninoketones formed 

aerobically and anaerobically were purified and identified as arainoaoetorma. 

The identification was achieved by stowing on gas chromatography that 

the acid formed on periodate oxidation of the amincketones was acetic 

acid. 

It is not known why the modified incubation coalitions are 

effective in giving an aocusulation of aminoftoetones They may be 

blocking further metabolism of mainoacetonet  or giving an increased rats 

of synthesis. 

The mechanism of aminoacetone synthesis was thought to be from 

acetyl-CoA and glycine, since these organisms ocntain an active ALA 



synthetase. But if sweat* replaces a-oxoglutarata and fUmarate for 

aervbio incubation no aminoasmotone aorsmiletes. This implies either 

that aminoacetone is not synthesised fray acetyl CoA and glycine or 

that in the presence of acetate it is metabolised as fast as it is 

formed. Another willing feature is that aerobically in the dark no 

ALA or porpkyrin is formed tram a-oxoglutare.te, nusarate and &yam. 

It would be imagined that if ALA anthetase is forming aminoactetone under 

these conditions, ALA, ought to be produced also. It may be that 

ALA is metabolised rapidly via the mioadzate•glycine cycle or that under 

these conditions insufficient suociryl•CoA is available; or aminorsoetone 

may be aynthesised by some mechanism not involving ALA synthetase. 

These findings are analagcus to those of I,/rata & Grua& (1961) 

who showed that aminoacettone, but no ALA, was fanned when glycdne plus 

any one of a lumber of the intermediates of the trioarlsowlic acid wale 

was added to liver homogenates. 

Aminoacetane aocsmulates on aerobic incubation of organisio in a 

medium oontainin,s threonine. The pathway of formation is clear unisr 

these conditions since a threossine dehmirogenase has been found in 

oeLl.!free extracts. Such an enzyme was postulated by Elliott (1960a) 

to aooaant for his results with Sta. epretts, but this is the first 

time its pr esenoe has been demonstrated. The envies has been partially 

purified and some of its properties studied. The enzyme requires Dpe. 
me is inactive and no amthoacetons is formed in the absence of Me. 

For every mole of DP le reduced to DBE approximately one mole of amino-

acetone is formed. Deassino.DP? is inactive as a cofactor, but 



3-acetylpyridinsi-Ecle has 40dg the activity of DEN: 

These two analogues of Dle have been tested on a number of engross 

Colowick & Kaplan, 19521 Kaplan, Ciotti & Stolienbagh4 1956). 

With some of the ewes* they are as effective as MN*, with some they 

are less effective, and with same they are completely inactive. 

The enzyme is active withirthreonine and 2-anothreonine, the two 

isomers of a-amino-fl-hydavoybutyric acid which have the s configuration 

on the hydroxyl-bearing carbon atom, The other two isomers, U..thrsonine 

and irallothreonine are inactive as substrates and do not inhibit the 

reaction with irthreonine and liallothreonine, Ii-Allothreonine is acted 

on at about 4pg the rate ofk-threonine. 

Elliott (1960e) suggested that the reaction occurred in one of two 

ways (p. 35), either the dehydrogenation or the decarboxylation taking 

place first. 1-Aminopropan..2.01, the expected intermediate of 

threonine decarboxylation4 is not converted to aminoacetone by this 

engyme, and does not inhibit the conversion of threonine to eminoaoetone. 

This indicates that threonine is first dehydrogenated to a...amino-06-

oxobutyrio acid, which is then decarboxylated to aminoaoetone. No 

engyme need be postulated for the deoarboxylation since Layered...a, 

(1959) have found that a..amino-0-ox0butyric acid is very unstable under 

physiological conditions. The possibility remains that the 

decarboxylation occurs simultaneously with the dehydrogenation on the 

engyme surface by a concerted reaction similar to that proposed by 

Ingraham (1959). 

Serino and Y...amino-A.:hydroxybutyric acid are inactive as sibstrates 



-109.0 

or inhibitors, but bicarbonate inhibits the reaction markedly. From 

the data available it would appear that the groups of threonine which 

are essential for action of the engyme are the methyl group, the carbovl 

group and the correct configuration on the hydroxyl-bearing maims atom. 

Having the amino group in a oisoidp•oonfigusation with the hydroxyl group*  

as in Lwallothreonine•  reduces the rate of the reaction as =pared with 

kithreonine where the amino groap and the hydroxyl group are in a 

transoicl000nfiparation to one another. 

The threordne debydrogerase is strongly inhibited by Ag2+  sod 

rohlorazercuribensoate and partially inhibited by iodoacetamide abich 

suggests that a thiol group in the encime is essential for activity. 

Hg2+ and Pb2+ react with aminoacetone non..ensoteically at pt1 8,8*  as does 

Ikt2  0  so that it is difficult to tell whether they also inhibit the 

enzyme. lehibition by EFTA,. 51CIA inhibition at 5.6 x Walla. and by 

aohydroxyquInoline suggest a metal requirement. in support of this 

Ye, Ca2+0  Fe2+  and pew's  ail Ate the activity slightly. Addition 

of pyridozal phesphate does not increase the activity and kpenioillemine, 

which has been &van by Du Vignemid, Nuchinakas & Horvath (1957) and 

others to inhibit wridorall phosphate enaymes•  has no effect. cyanidde 

inhibits the enityme; SLUM the enscaue does rot appear to contain 

pyridoxel phosphate the inhibitory action of cyanide may be related 

to the metal requirement. Caaplate elucidation of the requirements will 

have to await further ramification of the emus. 

At 37°  Ng for irthreonine is 7.4 x Uri and for DPI1 it is 

1.7 x 1041 showing that the engyam has a low affinity for rethreonine. 



Sane of these findings have, alrea y been published (Neuberger & 

Tait, 1960). 

Aminoacetcue, although an analogze of . ALA, does not appear to have 

any effect on the synthesis or metabolism of ALA. It does not inhibit.  

ALA synthetase, and it is not an inhibitor or a substrate, of ALA 

dehydrate. or iralardne•ALA transaminame. Amirmacetonos  added to organisms 

illuminated in Mixture I, has no masked effect on poxplorrin or bacteria- 

chloropkyll metathesis, and increasing. the buffer oonoentration in 

Mixture I, which leads to acamulation of eminnaoetone has no effect on 

poxpkyrin or baoteriochloropbyll synthesis. Threonine, Which inhibits 

beoteriochlorophyll synthesis and stimulates accumulation of porph,yrins#  

was thought to be acting through being converted to aminoacetcne, but 

in view of the results reported above this does not appear to be so. 

Another ,mis)aration for the effect of threconine will be discuselei 

The metabolisth of aminoacetone has not been investigated, but 

Bps. spheroid.* may be a suitable organicn in which to study it. Since 

it ha.s the ability to slynthesise relatively large amounts of aminometone 

it prescoably also has the ability to metaboliae large amanita, 

p-Itrdroxybutyric acid dehydxocelase. An active Dpe requiring 

fJ.-hydrovbu.tyria acid debydrogonase has been found in oell..free extracts. 

This env= s'eduoss DP$ about 120 times faster than the threonine 

debydragenase in crude ensyme extracts, and it was thought that the 

Leonine delydrogenase activity might be due to this mole mince 

threonine is an a-amino substituted 0-hydrosybutyric acid. The 



difference in rates of reaction could be explained by state hindrance 

due to the amino grail) of threonine. For both activities to be due to 

the same engime it would have to be a el-Ivirdrtaybutyries acid 

dehydrogenate°. This was at first swanned to be s© since under imitable 

conditions RD& jsrhskrolides &annulate large amounts of po3ybri9...hydrosr. 

butyric acid (Doudoroff & Staniar, 195), and has been confirmed by the 

recent report of Doudoroff, Merrick & Cent:Team (1961) who have 

described a 109.4vdronybutyric acid debydrogenase, with very similar 

properties to the one reported here, in the related microorganima 

Rhodmirillum rubrum. 

Sane of the early.renults did suggest that both activities were 

due to one enzyme. No separation of activitiee was obtained on partial 

purification (p. 51 ), both reactions were inhibited by bioarbonate 

(p. 51), the pIi optima were close, and the specific activities were 

increased by approximately the same amount in biotin deficient organisms 

(Table 16). Like the activity towards throwing) that with P...kydrovi-

butyric acid. VW inhibited by 1%2+  and r chlorceercurib en zoate 

indicating an essential thict group, and by EDTA, suggesting a metal 

requirement. Rarther evidence indicates that two different enzymes 

are involved. Deamino-Dle is inactive with both substrates, but 

3..acetylpyridine-Dre has 14 of the activity of D1 with thrombus. 

and only erg of the activity of Doe with Phydrorybutyric acid. The 

Islichaelis constant for rtle is also different. For 'annual= 

debadrogenase activity it is 1.7 z 1041 and for OasbiSfaroVibutfrict add 
dehydrogenass it is. 4.0 x 10"51. Further work is required before it 



can be stetted definitely that two different enrylees are involved. 

The properties found for the ft-bydrorybutyric acid dehydrogename 

are very aimilgr to those reported by Dardoroff ja., (1961). 	The 

li-j3-11,ydrozattutirio acid dd rogenase which they found, and purified 

about 50.0fold is specific for DPN+, is protected by Mg2+  and DPN+  from 

inactivation and is inhibited by EOM At 30°  they give a Nu  for 

Fi e•.hydrovibutyric acid of 8.4. x30"'1 and for DPN+  x 10-1, which is 

very close to the results reported here of 6.25 z 10.4.11 and 4.0 x 

respectively at 370, 

This enzyme as probably of great importance in the metabolism of 

Res. spheroides and related species in producing DINT and acetoacetate 

from ti9-bydrexeybutyric acid formed fray breakdown of the storage polymer. 

This polymer aommulates on growth of the organism in acetate, bitirrats 

and (34-hydroxybutvrato and can aoccunt for 20% or more of the dry weight. 

In organism grown in malate or suceinate this polymer does not 

aommulate, a polyglueose compound being formed instead (Stonier, 

Deudoroff, Kunisawa 8: ContopOula.z • 19$9)• Iftzwevers the aPeeifie 

activity of P+hydroxybutyric acid dehydrogenase in organisms groom in 

acetate is the same as in organism° grown in malate (Table 2.9). 

increase in the specific activities of threonine dehydrogenase 

and fliibrIxozybutyrio acid dehydrogenase in biotin deficiency is very 

marked (Table 16), and the activities incree.se as the biotin defiolency 

increases. The effect is specific for biotin deficiency, no changes 

in these specific activities occur in nicotinic acid or thiamine 

deficdonoy (Table 18). The reason for this is not imam It may be 
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due to non-synthesis of repressors of these ellipses in biotin dafiaiency, 

or be an attempt on the part of the organisms to adapt to biotin 

deficiency* 

-Alan ALA transeminase.  ALA transaminases have been reported 

by Kowalski et el. (1957) and Kowa/ski tla. (1959) in mammalian 

tissues and by Bagdasarlan (1959) in C. dinhtberise.  These studies 

were done from ALA and an froketoaold, a-exoglutarate and pyruvate, and 

the emit* acid formed was detected by paper chreeatography* This is 

a relatively tedious method* In the+ present studies the reaction has 

been carried out in the reverse direction and the ALA formed estimated 

directly by the specific and sensitive calm= reaction of Mauserail. & 

Grenick (1956). 

Of the amino acids tested only 101., 2- and Auslanine have en 

appreciable activity in this system, and only le.glutamic acid. inhibits 

k-alanine..ALA transaminase. Partial purification has not separated the 

activities towards rifalanine and 0-Al•inine, although this does not imply 

that only one envme is involved. The activity towards pralardn• in 

crude ens yoi. extracts is due to an slanine raosmase, and there doss not 

appear to be a piralim4ne.ALA triers/laminas*, 

The enzyme does not form eminoaoetone from methylglyomal when 

incubated with alardne, glutsmic acid or aspartic acid, and mainoaoetons 

does not inhibit ALA transamination* Pyruvate, which is a 

product of the transamination between Y6 -di/morainic acid and 

alanins, inhibits ALA production, as does excess Y6 -diomovaleric acid. 



Yethylglyoximl, although not a aiabstrate, also inhibits ALA production. 

Whether this inhibition is of physiological importance is not known, but 

it is possibls that methylgl,yosal formed from aminoaostone amasaulatos 

in the organisms under certain conditions. 

Shemin (1955) suggested that the macoinate-eyoine cycle controls 

the amount of ALA available for porpbyrin synthesis, but there are no 

quantitative data to support this. Pyruvate added to a arudo ensyme 

system forming ALA towered the amount of ALA produoed (Fig. 19). This 

MB thought to be due to :wow). of ALA by trans/Oration. Oraloaostate 

did not hays this effect, but a-azogluterat• did, and there is only a 

weak glutted° acid-ALA. transaminase activity in extracts. The 

pyruvate inhibition may not be due to trausamination since alanine dour 

not reveres the inhibition. a-Oroglutarate inhibition of ALA synthesis 

has been noted by Laver !La. (1958), Kikuchi 2.1.4. (1958) and 
Graniok (1958), who also noted pyravate inhibition. Theme effects may 

be due to removal of ALA by transamdnation, or morn probably to 

oompetitivo inhibition of ALA syntbetass. 

The importance of the kei-alenine-ALA transom:lipase and of the 

suocinate-glyoine cycle as a whole in controlling porpbyrin synthesis 

will der end on the rate of these reactions relative to the rate of ALA 

synthesis and its metabolism to porphyrin, and on the importance of 

the products of the suooinate-glycine cycle for other metabolic pathways. 

No direct estimates have been made, but Kowalski 9t1. (1959) have shown 

that the ALA transaminase is more active in tissues with a high =Asia 
acid turnover than in those with a low maleic acid turnover,. This is 
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possibly related to the requirement  of oneftoarbon fragments for nucleic 

acid synthesis* lbas. spharoidite in *canon with other microorganisms 

probably contains large amounts of k and Eralanine in its cep.-walls 

(Work, 1957) and one of the pathways for fernthesis of alanine in these 

organism may be the ALA transaminase. 

Under conditions where the specific activity of ALA. awnthetase 

is greatly reduced, in biotin deficiency and. growth in acetate, the 

ALA transaminase activity is not affected* This may be one of the 

reasons for the reduced formation of porphyrin pigments under these 

conditions. 

• Further studies on the role of kalaninepiALA transaminame and of 

the aucainate.glyaine cycle in controlling porphyrin biosynthesis are 

indicated* Rps. spheroid,' may be a saitehle organism for such 

studies cisme perphyrin and bacteriochlorophyll synthesis can be altered 

under different growth °auditions* By detecting the incorporation of 

label frog ALA into various cell ocaspcnents under different oonlitions, 

it may be possible to make an estimate of the quantitative importance 

of the suoatnate.glyeine crule in metabolism and in controlling porphyrin 

and bacteriochlorophyll synthesis. 

Role of biot4 in riontErin and bacteriochloronh.v11 trintheeis. 

Lasalle* (1956) reported that when organisms, after growth aerobically 

in the dark in malate (Medium s) were 4 	mated in a medium containing 

a-oxoglutarate and glycine (Mixture I) they excreted porplwrins into the 

medium, the major porphyrin being coproporphyrin III. Organisms gran 

in a medium deficient in biotin, nicotinic acid or thiamine did not 



excrete porpbyrins when illtaiinated in Mirbare I unless the missing 

vitamin was added. Normal. and deficient organisms formed'Porn at 

equal rates when incubated in a medium containing ALA, which argued that 

the vitamins were required for ALA synthesis, not for its conversion to 

porphyrins. Lasce13.es  (1956) thought that niootinic acid and thiamine 

were rewired for the 0011Ver14031 of osoxoglutarate to alacoiny1-00A by 

a-oxoglutarate dehydregenase, but she bad no explanation for the role 

of biotin. 

The ALA eynthetase reaction is thought to involve a deoerboxylation, 

and since most of the biotin engines so tar described catalyse 

centoxylations, it was thought that biotin might be involved in the 

oondensation of succinyl•CoA and glycine to ibm ALA. 

Lame:Ile& (1956) remit' were .confirmed and in addition it was 

found that biotin was required before biotin deficient organisms formed 

porphyrin on illumination in a medium ocntaining suocdnate and glyadne. 

Since suoolnyle,CoA is formed frau suocinate end amoxoeutarate by two 

different enemas, neither of which involve biotin, so far as is known, 

this was taken to mean that biotin was involved in the gt&A, icynthetase 

reaotion* 

It was noted that normal organisms illuminated in the a-oxoglutarate 

and &Vei n. medium or in the suocinete and Ayalas medium grew and formed 

bacterloohlorophyll as well as excreting porphyrin, anti that biotin 

deficient organizes required the addition of biotin to do this. 

Organisms illuminated in the ALA medium did not grow or ft= bacteria* 

chlorophyll. Lowell.. (1959) reported' 	that adaptation involving 



protein synthesis was required for formation of bacteriochlormybyll when 

aerobic dark-grown organisms were transferred to the light, and it was 

thought that lack of biotin might be stopping this. Normal and biotin 

deficient organisms grown anaerobioally in the light were therefore used 

for the illuminations and the results obtained were the same as those 

with organisms grown aerobically in the dark. 

The next step was to compare ALA mynthetase activities in extracts 

frau normal and biotin deficient organisms. ALA eynthetase activity 

is reduced in biotin deficiency; the greater the deficiency, the lower 

the enzyme activity (Table 16). ALA dehydrzuse is not reduced exoept in 

extreme deficiency. ing-AlaninewALA tranasminase is also not reduced, sal 

threonine and p-akydroxybutyria acid dehydrogenases are increased. 

Recently Lasoelles (1960b) has confirmed that k  aynthetase activity 

is reduced in biotin deflate:rev and has found that ALA dehydrase and 

ribulose diphosphate carbowlase are not affected. This is not a long 

list of ensymes but it does show that the reduction in ALA synthatase 

activity appears to be specific'  and was originally taken as evidence 

that ALA synthetase was a biotin enzyme. 

Attempts to reactivate the ALA synthetase in extracts of biotin 

deficient organisms by = Mitten of biotin, biotin plus ATP, or boiled 

extracts of normal =garde= failed. This was not surprising sinus 

no °thin. biotin enzymes have been reactivated under conditions where 

protein alynthesis is absent. 

Attempts were made to reactivate the ALA tonithetase li.A 'dr  =ler 
conditions which were known to restart porpbyrin and bacteriochloropkyll 



synthesis, that is cm illumination. of biotin deficient organisms in 

Mixture I plus biotin, but these also failed. Although it indicated . 

. that ALA Evnthetase was not a biotin engme, this negative result is 

important since it. shows that the level of ALA. eprthete.se  activity is 

not the primary factor determining whether or not ponabyrins are fanned 

under these conditions. 

A. crude preparation of avidin inhibited the ALA. itynthetase. . The 

effect appeared to be specifics Other egg site proteins were inactive' 

avidin did net inhibit the threonine dehydrogene.se and did not interfere 

with the ALA colour reaction. The irthibition by avidin could not be 

reversed by exoees. succinyl-OoA or pyridoxal phosphate. In other 

studies it was found that although avidin inhibits biotin enemas, 

avidin pre-treated with biotin does not inhibit (Helens & Lane, 1960). 

With ALL aynthetase, on the other hands, avidin pre•incuba.ted with a 

large comes of biotin still inhibited the activity. This contradiction 

was resolved when it was found that purer *maples of avidin did not 

inhibit the ALA. synthetase. This shamed that it Was some other egglewhi 

protein in the impure avidin preparation which was inhibiting the snow*  

and that ALA sornth.etase did not contain biotin. The nature of the 

inhibition by impure avidin has not been lowestigated• 

In meuv of the experiments reported in a review on biotin by 

Li4iatein (1931) and 111 a rinsbor of studies since then a role for biotin 

an engem reaction has been proposed on the basis of its specific 

activity being reduced in biotin deficiency and on the basis of 

inhibition by crude avidin preparations. The results reported here show 



that mare( of these early findings must be accepted with caution. 

Recently, with improved. techniques and purification of ensraes, biotin 

has been identified as a. constituent of a number of ensymes, ani its 

role in enzyme reactions more firmly established (Lynn sta. , 1959). 

Organisms grown under 0,.,M   titans of biotin deficiency contain lower 

concentrations of bacteriochlorophyll and carotenoid than normal organisms, 

as do nicotinic acid. ant thiamine deficient organism and those grown 

with acetate instead of malate. Organisms grown anaerobically in the 

light in acetate are very pale pinks  while thoee grawn in malate are 

deep red. In extracts made frau these organisme ALA akynthetase activity 

was reduced as compared with nonsdeficient organisms grown in malate 

(Tables 18, 19). In acetate grown organisms the ALA dehydraee activity 

was also greatly reduced. The other enzymes tested were not reduced. 

Lascelles (1959) reported that organisms grown a.erobinally in the dark 

in malate contained less pigment and less ALA zynthetase and ALA dehydrass 

than organiame gram anaerobically in the light in the same medium. 

Maas, under a variety of conditions which art unfavourable for 

pigment synthesis, ALA egyntbatase and scmetimes ALA dehydrase activities 

are reduced. It is not known whether reduction in the camme levels 

stops bactericchlorophyll synthesis or whether inhibition of baoterio-

chic:n*411. zeinthesis leads to aoszsulation of en inhibitor or a 

repressor of the enzymes. Scam inhibition may operate since the 

response to biotin in Mixture I to item porphyrin and becteriochlorophyll 

does not involve an increase in ALA eynthetase activity, as assayed in 

oellofree water:1s. 



Alternatively both the low pigment levels and the low °name levels 

under these unfavourable conditions may be due to the inability of the 

organisms to form sacoinyl-.CoA, glyoine or pyridoxel phosphate. The 

low enszeme activities cculd be explained if these engymes are unstable 

in the absence of their subetrates or cofactor's. This instability has 

been shown for a number of other enrolees (Pardee, 1959). AM srlthetase 

in cell-free extracts of Rim« spheroidal is very unstable. and the eau* 

may be true in vivo. 

Further attempts to explain the action of biotin have been 

unsucoessfUl. Chrematophores frail biotin deficient organisms were 

ocapared with those from normal organisms, and on a protein basis the 

only oomponentspresent in reduced. ameunte were be.otericehlorophyll and 

carotenold. Mevalonic acid which is proba.bly the precursor of phytol 

and car otenoids and whose eqnthesis may be blodced in biotin deficiency 

could not replace biotin. This is possibly due to the inability of 

mevalonio acid to penetrate into the organieras. An inhibition of, 

mevalonio acid rornthesis cou3.d explain the reduction in both baoterio. 

chloropkyll and earotenoid levels in biotin deficiency. 

Effeoti of haeseip and nrotoporohvriq. Lasoalles (1960a) showed that 

addition of homing  but not of protoporrivrin or Mg protoporphyrin to 

growing organism repressed the ewnthesis of ALA gynthstase azvi ALA 

dehydrate% ALA did this also, probably due to its conversion to haemin. 

This is an example of negative feedback repression which has already 
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been established for a number of other biosynthetic pathmays. In this 

study hasmin, but not protoporphyrin or big protoporphyrin, inhibits ALA 

synthetase activity in oell-free extracts at a relatively low 

concentration, aid protoporpbyrin, but not heed= or. Mg protoporphyrin 

inhibits ALA dehydrams 	104). This is an example of negative 

feedback inhibition, which has also been demonstrated for a timber of 

other biosynthetic pathways. The important point is that both inhibition 

and repression operate. It is not known whether the repression is 

mediated by an initial inhibition of the action of these entymem, 

Esther the two effects are unrelated*  or whether the differences between 

haemin and protoporphyrin action in whole cells and in cell-free extracts 

are significant. 

These effects are important in photosynthetic bacteria, since they 

can also stop, or at least limit, mmithesia of baoteriochlorophyll which 

quantitatively as well as biologically is the most important porphyrin 

pigments in these organisms. 

The role of haemin and protoporphyrin in controlling pigment 

synthesis aerobically in the dark, and in the various gramth conditions 

described above is not known„ but accumulation of haemin and proto-

porphyrin may be one of the factors responsible for the reduced levels; of 

ALA synthstasa, ALA dehydrase, and pigments. In particular, under 

aerobic growth °militia= in the dark or in the light, the high amen 

tension  may favour oxidation of the porphyrinogena to porphyrins. If 
the porphyrinogens, not the pcm*Thyrins, are intermediates in cartoolutee 

and bacteriochloropbyll synthesis oxidation to porpharrins will lead to 
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their e.counulation, to inhibition of cytochrome and bacteriochlorophyll 

synthesis, and to repression and inhibition of ALA synthetase and ALA 

dehydrase. Unfortunately the oxidation levels at which the tetrapyrrele• 

are converted to cytochromes and bacteriochlorophyll has net yet been 

established. 

LasceIles (1956, 1959) reported that addition of iron to organians 

illuminated in Mixture I stopped coproporphyrin excretion and increased 

baoterioohlorophyll synthesis. The coproporphyrin formed in the absence 

of iron was much greater than the extra bacteriochlorophyll and haanin 

formed in its presence. The reduction in coproporphyrin excretion can 

be explained by the conversion of iron to blend% which inhibits ALA 

and MG eynthesis. The requirement of iron for baoterioohlororbyll 

synthesis may be due to its requirement for the conversion of ocypro. 

porphyrinogen to protoporphyrinogen. 

Origin of the methyl ester Aroiro in baoteriochloraphy13.. The 

inhibition of bacteriochlorophyll synthesis by ethionine at 

concentrations where it did not appreciably affect growth 1nm-exited that 

it was inhibiting some essential reaction involving methionine. A likely 

site was thought to be the formation of the methyl ester group of 

bacteriochlororhyll. This methyl group is probably added to proto-

porphyrin or Mg protoporphyrin (Fig. 1). The only work on the origin 

of the methyl ester group of ohlorophyll is that of Green et 	(1957) 

who found label in the methyl ester group, but not in the rest of the 

molecule when Ohlorella were grown in the presence of 140-formate. 
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Mothozy grcups and grmethyl groups, in all oases where they have been 

studied are donated by S..adeno lmethiordna (Amazed & Tomehiclei, 1998; 

Axelrod, 1961) but the enzymic formation of methyl ester groups does not 

appear to have been studied* In fact, methyl ester groups are 

comparatively rare in nature, the only other compounds fame which 

contain than are a few of the allreloide (Robinson, 1955) and pectin 

(Kazan & arcepp, 1948). 

In this study using [methyl-.140nethionine the radioactivity of the 

carotenoids has also been measured. The two major carotenoids of 

soberoidee (Fig. 2) contain one ;Bethel:icy group per molecule, which, 

by analogy with other methov amps, is probably donated by 8...adenoma.,  

methionine. 

The label fran Emethy1J4Cimethionine was found solely in the 

methyl ester group, but not in the rest of the bacteriochlorapbyll 

molecule* 

That this methyl group is being donated. directly by methionine, and 

not after methionine has lost its methyl group to the pool of one-carbon 

fragments is strongly indicated by the small dilution in radioactivity 

and by the fact that the specific radioactivity of the carytenoids is 

only slightly greater than that of the bacterlochloropbyll (Table 32). 

It suet be pointed cut that the specific radicactivities of the pigments 

have been calculated assuming that no turnover takes place during the 

illumination and this may not be justified. 

Attempts in conjunction with Dr. Moon to investigate the 

methylation ensymically have failed so far, but fitrther work is being 



Effect of ethionine and tbreonine on ciorohYrin and bacterioohloronb71; 

svnth,nate. In experiments to investigate whether protein synthesis was 

involved in the response of biotin deficient aerdbioally grownorgeniems 

to biotin, rfluorophenylalanine and ethionine were = ild&  and the 

organisms illuminated in Mixture I. 241uorophenyla1anine inhibited 

the response to biotin, that is no growth or porphyrin and bacterio. 

chlorophyll synthesis occurred. Rthionine, while it inhibited growth 

and 'bacteriochlorophyll synthesis, stimulated an excretion of porphyrin 

into the medium. This effect was noted with ethionine in the abeence 

of added biotin and with non.deficient organisms. In the absence of 

ethionine, adaptation involving synthesis of ALA eynthetase and ALA 

dehrarase is required before aerobic dark grown organisms form pigment 

on incubation anaerdbicelly in the light in Mixture I (Lascelles, 1959). 

Using light grown organisms this effect was also noted. ln 

partial:tarn& 21 shows that addition of 5 x:1011 ethionine to normal 

organism completely stops baoterioohlorophyll and oarotenoid eynthesis, 

but only partially stops growth. The amount of porphyrin excreted in 

the presence of ethionine is greater by a factor of two than the eim 

of the porpbyrin and bacterioohlorophyll formed in its absence. This is 

a reproducdble finding. in other experiments the difference is sometimes 

three or fourfold. Ethionine also stimulates porphyrin excretion by 

nicotinic acid and thiamine deficient organiess in the absence of added 

vitamin. 
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,All these results suggest that ethionine is not .simply stopping 

basteriochlorophyll synthesis, but is actually etinulatirig porphyrin 

synthesis pesaMyby'relieving some inhibition which is normally present. 

The more biotin deficient the organisms, the less porphyrin is formed in 

response' to ethionine and thin maybe related to the ALA synthetase 

content of the organisms* 

A large amber of compcurgie were tested, but the only one which 

had an activity strnilar to ethionine was threonine. Like ethionine, 

it inhibits baoteriochlorophyll synthesis and stimulates porphyrin 

excretion when added to organisms illuminate) In Mixture 1, and it also 

stimulates porpivrin-  excretion by 'biotin defiolent organisms in the 

absence of added biotin. 

Ethionine atirt*A6tes porphyrin excretion when organisms are 

illuminated in ALA* This Is not a specific effect, since methionine, 

cysteine, glUtathione and homodyeteine do this also. Since illiwaiviRtion 

in ALA is different tones illumination in Mixture I in that no growth 

or baoterioohlorophyll anaemia occurs, the effect of ethionine in the 

two media is probably different. 

The porphyrin solutions formed on it nation of organisms in 

Mixture I in the presence and absence of ethionine and threonine all have 

the -same spectra between 355 and 610 Diu, 	Extraction and chranatography 

of the porphyrins showed that not only is coproporphyrin the major 

component, but eli the minor components are the same, under all - 

conditions* Therefore the estimation of porphyrin based on coproporArrin 

is a valid mature of the quantities of porphyrin excreted in the 
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presence and absence of ethionine and threonine. 

On illumination of organisms in Mixture rall the components are 

essential for porphyrin and bacteriochlorophyll synthesis (Lascelles, 

1956, 1959)..  In the presence of ethionine or threonine no ammonia is 

required, and with ethionine We' is the only metal required for,  maxima 

porphyrin excretion. This is a further indication that ethionine and 

threonine are "uncoupling" porphyrin synthesis. 

No effect of ethionine or threonine coed be demonstrated in oat*. 

free eystems. Ethionine did not affect ALA synthetase or ALA dot ydrase 

and ethionine and threonine did not transamlnote with Yardioxovaleric 

acid or inhibit the ir-alanine.ALA transaminase reaction. 

Organisms incubated aerobically in the dark in Mixture I do not form 

porphyrins or bacteriochlorephyll and ethionine has no effect lamer these 

conditions. 

The ethionine and threonine effects are reversed by methionine and 

homocysteine and the threonine effect by hemoserine. The ethionine 

effeet is not reversed by homoserine or by homaserdne plus oysteine, 

perhaps because too low 	trations were used. This reversal means 

that the porphyrin excretion is reduced to the level excreted in the 

absence of ethionine, and bacteriodalomkal and oarotenoids are 

synthesised. Methionine, alone in some experiments, stimulated 

baateriochlorophyll eynthesis and reduced porphyrin excretion, but 

homogysteine and homoserine had no effect in the absence of ethionine 

or threonine. Serino, glutathione, el:ratan* and norleucine did not 

reverse the ethionine or threonine effects. 



methionine and hamogysteine as well as restarting bacteriochloropbyll 

synthesis in the presence of ethionine and threonine appear to be 

reintroducing the inhibition which ethionine and threonine abolish since 

the sum of the porphyries and the bacteriochlorophyll formed in their 

presence is less than the porphyrin excreted with ethionine or threonthe 

alone. 

These results indicate that both ethionine and threonine are blocking 

some reaction of methionine. Since norleucine is 31vvItive it is 

probable that the reaction involves transfer of the methyl group. It 

has been found that the methyl ester group of baCteriochlorophyll is 

most probably donated directly by methionine, and it is very likely that 

this is the reaction which ethionine and threonine inhibit, 

The mode of action of ethionine is clear since in a number of 

studies it haelbeen shawn to compete with methionine for ATP and to 

form 5-adenowlethioninev etich donates its ethyl group to form an 

ethylated instead of amethlolated compound (Parket  1958)* Alternatively 

the compound may not accept the ethyl situp. 

The mode of action of threonine is not so obvious. The best 

explanation appears to be that threonine is blocking the de novo 

synthesis of methionine. Both compounds are eynthesleed from aspartio 

acid via homoserine (moister, 1957) and addition of threonine may exert 

a feedback control on the early steps of the common biosynthetic pathway 

which will inhibit de novo synthesis of both conpautte. There is no 

sound experimmatal evidence for this except a report by. Doudney& 

Wagner (1952, 1953) who showed that growth inhibition of amutant of 



Ileuromxwa craws, by threonine could be reversed by methionine•  howl. 

oysteine' or hanoaerine. On the other hand the control of methionine 

sgrnthesis in E. coll. involves only the part of the .pathws,y from homoaerine 

to methionine, both cystathionase aryl hamocysteine metliylase being 

repressed by addition of methionine to the growth medium (Rowbury & 

Woods, 1961a and b). It would be of interest to investigate the nature 

of the threonine effect fUrther to see whether it actually involves 

repression or inhibition of. the early envmes in the pathway of hcirtosealxwo 

biosynthesis, 

The probable role of iron in inhibiting porphyrin excretion in 

Mixture I has been discussid above. The effect of iron is exactly 

opposite to the effects of ethionine and threonine. Iron and ethionine 

antagonise one another (Table 28). At low concentrations of ethionine 

iron decreases porphyrin excretion as it does in the absence of ethionine, 

but at high concentrations of ethioninc iron has no effect. 

If. the effect of ethionine in stimulating porphyrin excretion is 

being mediated solely by its ability to inhibit formation of the methyl 

eater group in be.cteriochlorophyll, it ought to be inactive in 

Chlorobium whose chlorophyll does not contain a methyl ester group (Holt 

Hughes, 1961; Holt & Morley*,1960). SimilsvPly ethionine aught to have 

no effect on porphyrin Evnthesis in organisms which do not form 

chlorophyll. This is probably true since a large twitter of papers have 

appeared recently on .the effects of ethionine in animals, and in none 

of these is any mention made of a derangement in porphyrin synthesie. 



Control me 	 t 	th si = 	Before discussing 

hypotheses to account for the results obtained it rust be noted that all 

the experiments with ethionine and threonine have been done under one 

set of conditions, namely illumination in Mixture I. This median 

was devisedbyLasoelles (1956) specifically to give porphyrin excretion, 

and this excretion may mean that under these conditions the organisms 

have already lost some of their control over porphyrin synthesis even 

without the addition of ethionine or threonine. Iron can control 

porphyrin excretion in Mixture I (LasceIles, 1956) bit the results with 

ethionine and threonine indicate that another control mechanism is 

operating under these conditions. 

To amount for the stimulation of porphyrin excretion by 'thimble 

and threonine it can be postulated that not only do they inhibit 

bacteriochlotophyll and cexotenoid synthesis by interfering with 

methylatton, but they also inhibit the formation of one of the inter. 

mediates in bacterioohloraphyll synthesis which csui act as a feedback 

inhibitor. The point of action of the inhibitor may be either one of 

the early steps in porphyrin synthesis, ALA synthetase or ALA dehydrase, 

or the first step leading to bacteriochlorophyll. This, according to 

Granick (1961) is the addition of Me+  or the methyl ester group to 

protoporphyrin (Fig. 1). For the par-poses of this hypothesis it inlet 

be assumed that the Mg2+  is incorporated first and that the inhibitor 

is Mg protoporphyrin ronmethyl ester or one of the later intermediates, 

moat of which have not been identified. Alternatively, the inhibitor 
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maybe some other methylated compound*  but on the basis of feedback 

control *  elucidated for a number of pathways*  this is unlikely. 

The presence of an inhibitor is also indicated by the finaing that 

the response to biotin in Mixture I, giving growth and porphyrin and 

bacteriochlorophyll synthesis, does not, involve any increase in ALA 

synthetase activity*  as assayed in cell-free extracts. 

To account for the effect of othionine under conditions where 

pigment synthesis does not normally occur on illumination*  that is in 

vitamin deficient organisms and in those previously grown aerobically 

in the dark, it must be assumed that the block in bacteriochloropaull 

synthesis is after the synthesis of the inhibitor which therefore 

accumulates. It must also be assumed that the inhibitor is being 

destroyed and resynthesised on illumination in Mixture I. Ethionino 

and threonine then inhibit its resynthesis. The reasaawkywthionine 

does not act aercibicalky in the dark may be that other inhibitors are 

present under these conditions*  or that the postulated inhibitor is 

stable*  or that porphyrin and bacteriochlorophyll synthesis is absent*  

not due to the presence of inhibitors but to the absence of substrates. 

At low oxygen tension in the dark bacteriochlorophyll is synthesised 

(Lascelles*  1959) and it would be of interest to see whether ethionine 

can stimulate poi-Amin excretion under these conditions. 

Methionine and hemocysteine reverse the ethionine and threonine 

effect probably by restoring synthesis of the inhibitor. 

The ptdmt of action of the inhibitor cannot be decided on the 

evidence available. If it acts on the gyothesis or metabolism of ALA 
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its removal will give increased porphyrin synthesis. In the absence 

of added iron most of the porphyrin.willbe:exoreted as c.-opruporphyrin 

and any protoporphyrin formed will be converted to Mg protoporph,yrin, 

which unlike haemin and protoporphyrin does not inhibit or repress ALA 

synthetase and ALA dehydrase, and oopreporphyrin excretion will continue. 

This explains the requirement for M."; The inhibition of the ethionine 

effect by F 2+  is probably due either to its requirement for apprw 

norphyrinogen metabolism, or to its forming hamnin from protoporphyrin. 

The reason 	Fe2+  does not inhibit porphyrinexeretion at hit 

ethionine concentrations cannot be explained satisfactorily. It may be 

that ethionine also inhibits formation of protoporphyrin and haanino  but 

there is no evidence far this. 

If the inhibitor blocks the formation of Mg protoporphyrin, its 

rewire' will allow this step to prop eed. In the presence of M 2+  'Mg 

protoporphyrin wily. be formed., less protoporphyrin anilhagrain will 

accumulate, and the inhibition on, ALA synthetase and ALA dehydrase will 

be lifted. The inhibition by Pe is probably due to its oanpeting with 

Mg2+ for available protoporphyrin, although this is not a completely 

satisfying.expaanation. 

Alternatively the postulated inhibitor may act at both sites. 

That it is an inhibitor rather than a repressor is shown by the fact that 

ethionine can stioilate porphyrin excretion in the absence of protein 

synthesis. 

Mae pin is already known to act as a'repressor of ALA synthetase and 

ALA dehydrase, and•haemin and protoporphyrin as inhibitors of the 



activities of theme *names, so it may be more likely far the postulated 

inhibitor to act at suns other step. However, Likuohi sta. (1958) 

reported a heat-labile inhibitor of ALA synthetase in extracts of aerobic 

dark groan Rpm, eoheroide, but not in extracts of organisms grostn 

anaerobioally in the light. This could not be confining by Lasoelles 

(1959). The heat-lability angels against its being haemin. This it 

msy well be that there are a amber of inhibitors or repressors acting 

on the early steps of porptcyrin synthesis, their relative importance 

depending on the growth conditions. 

This explanation of the reason for the results with ethionine and 

threanine may not be correct, and fUrther work will have to be done to 

test it. The sticaulation of porphyrin excretion may not be a direct 

CiOnSeqUIMOS of the inhibition of bacterioohlorophyll 'writhes-is ani it 

may not even be a direst omeequence of inhibition, of avethylation. 

A number of reports have appeared which initiate that some of the 

biological effects of ethionine are not directly related to its 

competition with methionine (Levy, Montane' & Dunn, 3.9551 Stoical, may,  
Bedrak, Keller & Perry, 1959). 

The above hypothesis may explain wore other results on pigment 

synthesis. Le.malles (1959) noted that:addition of protein synthesis 

inhibitors, other than ethionine, to Rin. spheroid, not only inhibited 

growth, but also inhibited porphyrin excretion and bacterioohlorophyll 

awnthesis. This can be eviained by aocumulation of haemin, in the 

absence of protein to form qytochromes, and accumulation of bacteria 

chlorophyll intermediates in the &mews of protein to synthesise 
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chromatophores. The reason for reduced enzyme levels in vitamin 

deficieney may also be due to aocumulation of inhibitors and repressors. 

The response to the vitamin, giving growth, removes the inhibitors and 

repressors andallows porphyries andbaoteriochlorophyLl synthesis. 

In other growth conditions which are unfavourable for pigment 

synthesis, high oxygen tension in tie dark or in the light, and high light 

intensity, the combined aocusulation of hasmin and the postulated 

inhibitor may a000unt for the reduced levels of ALA synthetase and ALA 

debydrase. 

It is not known what is .the primary cause of inhibition of pigment 

synthesis under any of these conditions and it is probable that the 

accumulation of the inhibitors and repressors so far identified, and 

the reduction in enzyme levels are secondary features, being the 

consequence rather than the cause of the inhibition of pigment synthesis. 

It is also probable that pigment eynthesis is inhibited in different ways 

under different conditions. 

The availability of succipyl-00. under some conditions may be the 

primary reason for failure of porpiNyrin pigment Synthesis, but there is 

no direct evidence for this. The results of gladent% Ounerod (1956) 

with1.1...Amingoz 	and there is no reason to suppose that Rtes. saleroides 

is different, show that aerobically in the dark the metabolism of all 

mlbstrates is by the tricarboxylio acid cycle.moetate, butyrate, 

pyruvate, propionate, masts, fwnarate and succinate, but that 

anaerobically in the light only acetate, butyrate and pyruvate are 

metabolised by the tricaxboxylio acid wale.  The anaerobic metabolism 
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of propionate, malate and mucsoinato is not fully blown, but it may be 

by glycxaysis or the haxosamonaphosphate shunt. Staniar IAA. (1959) 

find,  that the anaerobic light metabolism of acetate and Intr.'s:to leads 

to accumulation of poly.43,0hydramatutfria sold, but that anaerobic" light 

metabolism of propionate, succinate and !palate lead to accumulation of 

a glucose polymer. It is also known that very little pigment is formed 

at high oxygen tensions in the dark; irrespective of the eubatrate, 

and that aniumrobioally in the light;  while growth on acetate gives 

organism's with a low pigment content, growth in malate gives highly 

pigmented organisms. Prom theme results it Iambi appear that, when the 

major pathway of metabolism is the tricarboxylic acid coral* pigment 

eynthesis is not favoured, but that pigment awnthests is favoured by the 

other pathway. That is high oxygen tension in the light or in the dark 

favours the tricarbowlio acid cyole metabolise of malate and micoinate, 

while low oxygen tension in the light or in the dark favours en 

alternative metabolism for theme compounds which makes auocirwl-Ookt 

available for pa rskrin synthesis. 

The effect of increasing the light intensity, which stops pigment.  

imithesis (Cchen•Basire et al.  1957) may act in the same way by lendin8 

to oxidation of the electron -transport carriers and so favouring the 

tricarboxylic acid wolfs. 

Additional proof for this argument is that aerobically in the dark 

Rpm. spheroidea  form aminostoatone but no ALA from cp.ozoglutarate, 

Ammarate and glydne. The aminoacetone is probably fond frost acletyl-

CoA and gl.yoine which indicates that the ALA arrthetase is active under 
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these conditions, and that abBence of ALA is due to absence of taxa:imam,  

CoA. The absence of available auccinyl.CoA.-  may also explain the 

results of 'Orate. 1 Gtanick (1961) who fcund that aerobic incubation of 

glyaine plus any one of a Timber of the tricarboxylic aoid cycle 

intexmodiates with liver hanogenates gave aconiulption of aminoa.cetone 

but not of ALA* 

The absence of sucoinyl-CoA under aerobic growth conditions and 

in growth in acetate may be the reason for the reduced levels of ALA 

synthetase and ALA demise since these enzymes may be unstable in vivo 

or be synthesised at a reduced rate in the absence of their substrates, 

as has been shown for a umber of other enzymes (Pardee, 1959). This 

may also be the reason for inhibition of pissent sornthesis and reduced 

enzyme levels:in vitamin deficiency* 

Inhibition of oarotenoid synthesis must also be a.occunted for if 

this hypothesis is correct, but this will have to await further 

experiments. 

It may be that the stimulation of porphyrin excretion by ethionine 

and threonine can be explained by their making more oiccinyl CQi 

available for porptwrin soarthesis. 

ALA synthetase is a pyridoxal phosphate requiring enzyme and Gibson 

(1958) showed that pyridoxal phosphate had to be added to exude immalysed 

extracts of Rpm* .snheroides before en( ALA was synthesised* The level 

of Eirridoxal phoaphate may control not only the activity of this.ensyme, 

but also its absolute encunt, if the engpae is unstable in the absence 

of its cofactor. 



of its cofactor. 

The importance of alternative pathways of metabolism for ILA have 

not been fully explored, but they may play a role in the =Ara of 

porphyrin eynthesis. 

SALVO & Grant,* (1961) proposed that porphyrin synthesis in Liver 

can be oontrollediby the distribution of the gammen of porphyrin 

aynthesis between the mitochondria and the cytoplasm. This probably 

does not apply in R1711. schervides, sines all the enzymes up to that 

fonaixig ooproporphyrinogen at least, are most probably in the cytoplasm. 

Cohen...Desire AA. (1957) consider that the inhibition ar pigment 

eynthssia in anaercbioally growing organisms by addition of oxygen or by 

=creasing the light intensity is caused by the oxidation of a carrier 

of the electron transport ohain. At first sight this is rather a vague 

hypothesis. However, there are a ,number of oxidative and reductive 

steps in both bacteriochlorophyLl, and carotenoid sornthesis ... oxidation 

is required' for the conversion of ooproporillyrinogen to protoporphyrin, 

for formation of the isocyolic ring, and for the conversion of the 1,0 

terpene intermediate to the more highly Maniugated oarotenmidal 

reduction is required in rings B and D of the porphyrin molecule to fora 

bacterlochlorophyll, and for conversion of the unsaturated Ow  terpene 

to phytol. A delicate balance is probably required in the oxidation.. 

reduction state of the electron carriers for all these steps to occur. 

Organisms grown aerobically in the dark do not contain ahroattophores 

(Schaal:man, Pardee & Staniar, 1952) and this may be the reason for 

Absolve of Pigment under these conditions. Recently Oohen.Basire & 
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Kunisawa (1960).have suggested that partially formed chromatoPhores may' 

be present aerobiearty in the dark.. There maybe sane regulatory 

mechanimn for chromatophore synthesis and under 'some conditions their' 

absence maybe the primary reason for failure of pigment synthetis. 

At low oxygen tension in the dark pigments are synthesised 

(Lascellei, 1959). This is an important observation since it shows 

that pigment synthesis, or dhromatophore synthesis, is not dependent on 

light, but is more closely linked to the oxidation state of the organisms. 

It is not known which steps in bacteriochloroPhyll and carotenoid 

synthesis occur outside. the Chromatcrphores, but it is possible that the 

last few steps occur in these particles. In the absence of chronato.. 

phores the accumulation of intermediates may account for the reduced 

engyme levels. 

Non-synthesis of the ohromatophores cannot accomnt for the 

inhibition of pigment synthesis by increasing the light intensity under 

anaerobic conditions since Cohen-Bazire&Kunisawa (1960) have shown that 

organisms grown at different light intensities contain approximately 

equal amounts of chronataphores, the only difference being in their 

bacteriochlorophyll and carotenoid content, which is lower at highlight 

intensities.. 

It must be noted that changes in the levels of oarotenoids under 

different growth conditions parallel changes inbaoteriochlorophyll. 

The explanation for this is notIoxmmbecause very little is known about 

the details of carotenoid biosynthesis. These pigments are linked 

chemically since,  the phytol group and the carotenoids are both probably 



eynthesised from mevalonic acid. Thus a primary inhibition of carotenoid 

Tor:alms:Lel*.  high oAygen tension, high light intensity or vitamin 

defiezienqy oculd also inhibit phytol and bacteriochlorehyll synthesis 

and thus cause the Observed changes in ALA synthetase and ALA dehydrase 

activities by aocumalation of intermediates. 

The carotenoid molecule (Fig. 2) is probably highly  easceptible 

to oxidation, or to reduction, or to photoohemical changes. As shown 

by Van Niel (3,947) °Men irreversibly (=averts carotenoid Y to carotAmmith• 

R in Roe. epheroides.  Oxygen or high light intensity may lead to the 

accumulation of some carotenoid Which inhibits de novo  carotenoid and 

phytoleynthesis. 

The above discuseion shoes that there are a umber of possible 

mechanisms for the control of pigment tunthesis, and that their 

Importance may depend on the growth °auditions. The main obstacle to 

their elucidation is the incompleteicnamledge of the metabolic pathmws 

in Rye. bidets,  and of the intermediates in bacteriochlorophyll and 

carotenoid eynthesis. 



MARY 



SULIARY 

1. Rhodotzsoudanonas.schetroides  has been found to produoe relatively 

large amounts of an amincketone under suitable incubation conditions, 

This aminoketone has been purified and identified as aminoacetone. 

Although it is an analogue of 5.-aminclaevulio said*  aminoacetone has no 

effect on arty of ALAI a engine reactions. Aminoaoetone has no 

significant effect on pozplgrin or bacteriochlorophyli biosynthesis in 

whole organisms. 

2. A Dne requiring ermine bass been found in extracts which converts 

threonine to eminoacetone. This enzyme has been partia3.1y purified and 

its specificity and properties studied, A A.hydroxybutyrio acid 

dehydrogenase has also been discovered*  and its properties studied. 

These two enzymic activities*  although they are very smear, are probably 

due to two different enzymes. 

3. An iralanine-6-aminolaevulio acid transaminase has been found in 

extracts. Its properties have been studied*  and its possible role in 

the control of porphyrin and baoterioehlornhyll biosynthesis is discussed. 

4. The effect of biotin deficiency on porphyrin and bacteriochlorophyll 

biosynthesis has been studied in whole cells, and the results of Lasoelles 

(1956) have been confirmed and extended. Of various ensumes tested the 

only one whose specific activity is reduced in biotin deficiency is ALA 

synthetase. Although inure avidin inhibits ALA synthetase adivitr+ 

purified avidin has no effect. This suggests that ALA Egnthetase is not 



a biotin contain-4,1g  ensyme. This (=elusion is strengthened by the 

finding that, under other growth coalitions which are unfavcurable for 

pigment synthesis, the activities of ALA synthetase and ALA dehydrase 

are redwood, while the activities of other *mimes tested are unaffected. 

These findings do, however. *Ingest that the organisms have some mechanises 

for controlling the activities of these enaymes» 

5. Ethionine and threoninet  when added to organizes illuminated in 

Mixture I, stop baoteriochlorophyll biosynthesis axe stimulate the 

production of porphyrins. The =cunt of parpbyrin produced in the 

presence of ethionine or thrsonine is greater then the aim of the 

porphyrin and bacteriochlorophyll formed in their absence by a factor of 

three or four. Ethionine and threonine also give porpbyrin producticu 

with biotin deficient oronimes and ethionine with nicotinic acid and 

thiamine deficient organisms, in the absence of added vitamins. A large 

cumber of related and unrelated ocespauxis have been tested, but none of 

them shows thew *frosts. The ethical= and threonine effects are 

specifically reversed by methionine and hcamsysteine, which strongly 

suggests that some reaction of methionine is being blodced. The 

eremite effect, but not the ethionine effect. is also reversed by 

hcmoserine. 

6. The origin of the methyl ester group of bacteriochlorophyll has been 

investigated. The results show that it is most probably formed directly 

from the methyl group of methionins. This is probably the reaction 

which ethiordne and thrsonine interfere. 



7. In cell-free extracts haemin inhibits ALA ionthetase activitls 

protoporphyrin and Mg protoporphyrin have no effects Protoporphyrin 

inhibits ALA dekvdraset hamnin and Mg protaparptwrin have no effect, 

8. These remits, together with the results of other workers, have 

been used to discuss possible were in which Mos. spheroid*,  controls 

its porphyrin and bacterioch2.orophy13. bioeynthesis. 
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