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ABSTRACT

(A1l the work has been done with the photosynthetic microorganim

. On incubation under miitable conditions
large amounts of sn auincketons, which has been identified as amincacetone,
acoumilate,  Although anincacstone is an analogis of b-aminclaswilia
a0ld it has no effect on engyme reactions involving d~aminclasvulic acid,
ror has it any sigmificant effect om porphyrin or bacteriochlorcphyll
biosynthesis in whole organimms. |

Two diphogphopyridine mclectide angymes have been mmi. One

@mmmnﬂmmmmtammmmmm.mamhwmmmmwmuu
ﬁ-hyﬂrmhatyric acid, These enzymes have been partially purified and
their properties stadied. |

An [ralanineb -antnolasvulic acid transesinese has been discovered
and its properties investigated. It is possible that it plays a part
in the oontrol of porphyrin and becterioohlorophyll biosynthesis.

The effoot of various growth conditions which are unfavoursble for
baoteriochlorophyll biosynthesis = biotin, ndootinic actd and thismine
dcfiéhnqy. and growth in soetate - has been studied. ;Una.e‘ran these
oconditions the specific activity of §-~aminmclaevulic acid gynthetase is
m&amdwﬁmompanﬁw&ﬂa the activity in organisms grown under optimal
ocnditions. - In some of these conditions jesminolasvulic acid dehydrase
aotivity is also reduced, while the activitles of the three engymes
mentioned sbove are unaffecteds

Ethionine and threanine, alone among a large muber of compounis
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tested, “mbit bantericdﬂomp‘!vll gynthesis and stisulate accumilation
‘of free porphyrins, when added to organisus illuminated in a medium
 containing geoxogluterate end glycine. This effect is spesificelly
reversed by methionine and homoaysteine.  Results with radioactive
methionine suggest that it domates its methyl group direcily to form
the methyl ester group of bacteriochlorophyll, and this is probably the
‘step blocked by ethionine and threonine, o |

" Haenin has been found to irhibit s~sminclasvalic scid aynthetase, and
protoporphyrin, §-aminolasvilic acid dshydrase, in oell-free extracts.

| These resilts, together with those of other workers, siggest

possible mechaniams by which Rhodopseudome '
baoteriochlorophyll biosynthesis.
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INTRODUCTION



" INTRODUGTION

The first clus to the inachans,-n of porphyrin biosynthesis was
cbtained by Bloch & Rittenberg (1%5) who showed that haemin, isclated
from rats fed with deutericscetate contained significant concentrations
of deuterium. 'rhism followed by the reports from Shemin & Rittenberg
(1945; 1946a and b) that feeding “°N labelled glyoine to man or rats

remilted in a relatively high isotope content in the parphyrin molety of
‘haemoglobin,  Further studies by Witterberg & Shemin (1949, 1950), Shemin
& Wittezberg (1951) and Muir & Neuberger (1949, 1950) showed that all the
atoms in protoporphyrin, derived from haemoglobin, were mppl;ied by
acetate and glycine and strongly miggested that sach of the four pyrrole

| rings in the porphyrin molecule was derived fyom a common precirsore.

On the basis of their resilts Shemin & Wittenberg (1951) postulated that
acetate was labelling porphyrin by being ,wiuertod to a mccim-mum
w@hxmﬂﬁﬁtMammmﬁﬁh&gwunmntuﬂhwﬂmmmmwu

| Evmem for this was obtained using Ly miooinate (Shmﬁin & Kumin, 1952)_.

It was tmn reslised that all the experimn‘bo.l findings oould be
explained if 1t was asmused that e mooinyl-coonw complex ooniensed
with glyoine to form §=aninolasvulic acdd (ALA). that two molecules of

vm condensed to form the pyrrole precursor, and that tcurmlewles of
pyrrole mmunndtofomthepowﬂnﬂn& i‘hevariwspuzphyriu
oould then be formed by modification of the side Mmonthe four
pyrml.c rings, ‘
$~-Aminolaevilic aqid nu mthuiué. tutad in mimals, and 1ts role



Mg vinyl phaeoporphyrin ag phytyl ester
| Chlorophyll a | |
Bwﬁxnchlompbyn
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as an intermediate in porphyrin synthesis demomstrated (Shemin &

Ruesell, 1953; Neuberger ¢& Soott, 19533 Dresel & Falk, 1956), ALA was
: rw.nd to be an inﬁemdhtve for po:pbyrin binmthuis i.n 1'.he photo-»
qynthetia miomorganim Rhodopseudomonas spheroides by Luoem- (1956).
Since thanworkvithpnrﬁallyptrifﬂ.«i fractions of animal end plant
tiamaa and viﬂz miomrganimna has oom‘imd these ﬁxﬂinga and it is
probuble that the same bioqynﬂwtia pathway t‘nr pm‘plxyrim is opmtivu

in all organim

The next stage of the research daa.lt with the clunidation of the
engymic atopainporplvrin mthuismdﬂmse axe shown in Fig., 1.
~ In the fi.rst st.p succinyl=-coengyme A ooxxienus with glynim t.o

rom ATA, The engyme respomible for this atep, ALA mthatau, was
domibed in ohielun uyﬁxmoytu (Laver. Neuberger & Udenfriend, 1958;
Gibson, Laver & rmz-ger, 1958; Brown, 1958), in rabbit mtmlomn
(Gmids, 1958) and in W (G:I.bm, 1958: xumm, Kumar,
m.mg- & sm.tn. 19%). The postulated first product a-mim-ﬁ-omadipﬁc
‘ mid is extxmly unstable under physiological conlitinm, mpidly loniug
co2 to tbxm ALA (Lwer. Nauberger & Soott, 1959), consequently :I.ts
pruenao hu never 'bean dmnatnted during the cmmio macﬁcm. The
engyme requron pyridonl pho@ho.ta- It ha.: bean pmit‘ied forty o e:lgaty
tm- and a mechanism for m action m-a (xmmm. Kumar & Mlssst
~ The converaion of ALA to porphobilinogen (¥8G) is catalysed by ALA
dohydrule Thin enzyme has been obtained in a highly purified state fm
liver (Gi'baon, Reuberger & Scott, 1955) and 1ts presence las also ‘been
reported in Rps. sphoroides (Neuberger, Soott & Shuster, 1956).1
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Chlorella (Bogorad & Granick, 1953), in spinach (Bogorad, 1955) and in
rabbit retiouloaytes ( Grandck & Meuserall, 1958), |

The n-«t step has not been aso clearly established. It was thnught
that pomlwbﬂimgm was converted to uroporphyrin, and that the porphyrins
wers the intermediates in further transformations.  However, evidenos
sccumlated that the porphyrins ﬂmulvea omld not sexve as a\bntmten A
(Heath & Hoare, 1959) and it was found that the porphyrinogens, which
contain methylens bridges behveon the pyrroles instoad of the methene
~bridges in the porphyrins were the true intermediates {Granick &
b!mnanil. 1958; Bogored, 1958c; Hoare & Heath, 1956). ‘

Grmick & Maumerall (1958) obtained from yabbit reticulocytes a |
porphobilinogenass which converted F8G to uroporphyrinogen IIL
Bogorsd (1958a anl b) isolated two engymes from plant scurces which are
involved in this step. One, F50 deaminass, probably oomverts FBC to an
intermediate which is then acted on by the sémd, uropcrphyrincgen
isomerase, to form uroporphyrinmogen III. The mechanisn oi_’ tlw averall
. reaction is not known yet, dﬁ:aigh many hypotheses have been advanosd
(Bogorad, 1960).

Umporplwrimgcn is converted to eopmpor,plmimgan by a
uroporphyrinogen decarboxylase (Granick & Maaperall, 1958).

The formation of prqtoporptqrimgm from ouvaporplvﬁmsm is
- catalysed by a coproporphyrinogen oxidase, partially purified fram liver
mitochondria by Seno & Graniok (1961). Oxygen is the only oxidant used
by this enmu An cnvmin oxidation of pra‘boporphyrimgen to

) pmtopombyrin was also ﬂeteotod in witochondria by Sanoc & Granick (1961).
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Fig. 2 Structures of the major pi nts of peudomenas erolies
and of the 1 up of bacteriochlo. 1l '
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Loclihead & Goldberg (1959) observed the engymic incorporation of irom
into protoporphyrin in a mumber of human and rat- tissies, and Labbe &
Hubbard (1961) isolated an enzyme in soluble form from yat liver
mitochondria which catalyses the incorporation of Fe2* into mwpormﬂn
to form haem, ‘ _

The patiway leading to the magnesiun porphyrins, chlorophyll and
bacteriochlorophyll (whose struoture is shown in Fig, 2), which is the one
of interest in this study, is not well worked out, None of the engymic
steps are known and the order of the intermediates 1a_ths£ proposed by
Granick on the basis of Mumﬁﬁfhmhﬂuoﬁ’W' Granick
(1948a and b; 1950) found that protoporphyrin, Mg protoporphyrin and
Mg vinyl phmporphyrin ag accumlated in different mutants of Chlorella
which were unable to form ohlorophyll. Rmntly Granick (1960, 1961)
identified Mg protoporphyrin monomethyl ester and protoporphyrin monomethyl
 ester in another mitant of Chlorslla, and detected Mg protoporphyrin
momethy}. ester in barley seedlings incubated with ALA, The first two
steps in bmteﬂonhznrophyn synthesis presumsbly involve formation of Mg
pmﬁopoxmnn monouethyl ester, but it is not known in whioch order the Mg
a:gﬂthemﬂwlgrmpmaﬁdodtopmtoporplwrin. The next steps
probably involve formation of the Wdio ring batween the pmpionﬂ.c acid
methyl eatara:.de chain of ring C and the methene ocarbon between xing ¢
and D, to fmiﬂg vinyl phasoporphyrin fge Four or five engymic steps
may be involved, but no intermediates have ever been doteetga.- The next
step appears to be the addition of the phytol group to the propionic acid

side chain on ring D to form Mg vinyl phaeoporphyrin g phytyl esterx,
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which is then converted to chlorophyll a by reduction, and from there
to bacteriochlorophyll by oxido-reduction, There is some evidence
(Smith, 1960) that chlorophyllide a is phytylated to fom chlorophyll a,
and Bogorad (1960) has maggested that bacteriochlorophyll is not forxmed
from chlorophyll a tut is derived from mpx'opoxyhm‘in instead of from
protoporphyrin.  Accumlation of campounds when biosynthetic patiways
are blocked does not necessarily mean that these compounis are the txue
intexmediates. This has already been shown for porphyrin biosynthesis,
where the porphyrinogens are the true intermediates, and for a mmber of
other blosynthetic pathways including purine biosynthesis (Buchandn, 1958).
Therefore, too much reliance should not be placed on the pathways proposed
sbove, leading fram protoporphyrin to bacteriodhlorophyll. |
The origin of the methyl ester gyoup in chlorcphyll was nﬁdieﬁ by
Green, Altman, Richmond & Salemon (1957) who showed that Chlorells grown
in the presence of L'O~fomate, incorporated label into the methyl ester
. group, but not into the yest of the chlorophyll moleaule,
‘The origin of ths phytol group is not xnown. As can be scen in
Fig. 2 both phytol and carotenoids (the major carxotenoids of Rps.
spheroides are shown) are very similar structurally. Other terpenes
have been shown by the studies of Bloch, Lynen, Fopjak end their co-workems
(Lynen & Henning, 1960) to be synthesised from mevalonic acid and it is
probable that phytol and carotenoids are also synthesised from mevalonic
ot

Gontrol mechanisms. It is probable that in organisms enzymic
reactions do not ocour at random rates and rumerous observations show that



there are mcohanim whereby orgardsms cen contyol their metabolic paﬂmn
80 that they do mot waste their resources in making compourds they do
. mot nqu or even in making compounds they do require in excess
anounts (Pa.rdea, 1959)s ' Alteration of the growth oonditions, which
changea tba x'o@zimmanta of nrganim, ‘evokes rvmnau from the control
fmohanim. which allow the organimms to make the best use of the new
. conditions,  While the presence of control mechanisms is firmmly
entablished, the elucidaticn of their mathire is still in its infancy.
' 'One of ‘the main difficulties is to reproduos in vive conditions in
’-expermms in vitro, and when resilts have been obmm to nhh then
mmammmmmhor@mm"" |
~ Since metabolic reactions are ensyme oatalywed, the sctivities of
engymes and their absoluﬁ amounts are of very "mt,hpom For
" instance pH, oxygen tension, availsbility of substrates and of cofactors,
and the presence and absence of inhibitors cah affect the activity of
 enzmes. The sbsolute amounts of ensyes can als be affected by these
factors. For example, scme ensymes, such as lyaine amm (sher &
. Malletts, 1954), appoar to have only a linited stability in vivo and mist
bamtantlymd. __m:xlwcnw'mmtable in the absence
' o:!’ theix eofae'hor, and this may happen in vivo, the presence of cofactor
not only oontrolling the sctivity of the ensyus tut also the synthesis
" and stability of the apoengyme (Lid\atain, 1956 Burch, Lowry, Padilla &
Combe, 1956). - | R
The localisation of enzymes of a pathway in different csll struotures
" may also play a part, the movement of gubstrates from one ensyme to the



next depandibé on the permeabllity of the particle nieniomma. o In
addition, compounds which are intermediatos in more than one y\a.twml‘
be metabolised by the pathway favoured by the prevailing conditions.

These control mechenisus, elthough known to operate, are difficult
to evaluate qmntitatively and the mechm:lm ihidz appear to bo mt
important are engyme induction (adaptation) and mgative-feem control.

| Engyne imhctinn, or adaptation, cours when the 0rgan5.ﬁa mthesiui

a large amount of enmme in response to the addition of a mbstrate,
or in general, a compound clnlely related to the mbstrate, alﬂ'mgh the
enzyme may not be present in detecteble amcunts :ln the vbeence of the
substrate. Sequential induction also ccocurs when the product t‘émd
by the first induced engyme, induces the next engyme in the patw. and
so on (Onhné: Nonod, 1953). While most edaptation studies have been done
inmiMrganim, a similey phencmenon has been obsexved in aniwals .
(Knox, Auerbach & Lin, 1956). o |

Negative feedback control involves inhibition of the action of, or
repression of the gyntheais of, the early enzymes in a biosynthetic pathwe
by exoess of the endeproduct of the pattway, This has already been
demonstrated for the blosynthesis of arginine (Vogsl, 1957), pyrimidines
(Yates & Pardes, 1957), txyptophen (Gibaon, Jones & Teltacher, 1956),
igoleucine (Uberger & Brown, 1958), purines (Wyngaarden & Ashten, 1959),
histidine (Ames & Garry, 1959) and methionine (Rowbury & Woods, 196la end b

Various cbservations have shown that mechanimms do sxist for the
control of porphyrin pigment synthesis, and some have indicated ways in
which they asct, | |
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| Shemin & Russell (1953) found that in rats sdministered ALA labelled
with 240 in the carbon atom bearing the w0 grop, te label sppeared
in respiratory €O,y urinsry formate and in trnumido groups of urde acid.
To explain this they proposed that ALA was metabolised by acyolm-pathny,
the succinate~glycine cycle, in the process of which onescarbon fragments
were released,  More recently direct evidence for this patiway was
produced. by Kowalski, Dancewicsz & Ssmot (1957), Kmalaki,: Dancewicg, Savt, j
Lipinskl & Roslek (1959) and Bagiasarian (1959). who detected. ALA '
transaminages in mammslian tismies and’ MQWW
The @xnntitative mportemaa of these reactions is not known but they may
oompets with the reactions of porphyrin synthesis for ALA, |

Lascelles (1956) found that on illumination of Epss sphercldes in a
medium containing g~oxoglutarate ani glycine, porphyrins, mainly coprow
porphyrin were exareted into the medium. Organisme previously grown
in a medium deficient in blotin, nicotinic acid or thiamine did not form
porphyrins under these conditions unless the missing faa'hor was addeds

The first careful study on the effect of growth conditions on | |
bacteriochlorophyll and carotenoid production by Rps. spheroides was that
- of CohensBagire, Sistram & Stander (1957) who showed. that organisme grown
asrobicelly in the dark in a medium containing malate contained little
pigment, while those grown ansercbically in the light in the same medium
were highly pigmented. Trensferring orgatdsms fyom the dark to the light
remlted in pigrent synthesis after a.lag phase. Addition of oxygen to
organisms growing and forming pigment amaercbically in the light inhibited
pignent gynthesis immediately, but did not izhibit growth. Removal of
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the oxygen then resulted in sn immediate synthesis of pigment. Increasing
the 1light intenaity had the same effect as adﬁition of o:grgm a.na lowering
the ’.ligbt inhansity the asme aﬂ'eot as removal of oxygen, Organiems
growm at a low light :mtensuar were more highly pimented than ones gmwn
at a high light intensity, the pigment content being spproximately
 inversely proportionsl to the 1ght intensity. On the basis of this they
miggested that the synthesis of bactarichloropyll and carotenoid, both
of which are affected squally by the various comiitions, is controlled
by the mba of oxidation or yeduction of the eleatmn-tmnspm't ahain. |
~ Lascelles (1959, 1960a) analysed these cuﬂ&tﬂmm more closely and
found that organisms grown aerobically, at a high oxygen tension, not
only conteined mich less pigment than those grown photoaynthetically, bub
alwmntaimdonlyaqzarberpfﬂm&&aynmmsmmm |
On gmwing these organisms amembiaaug‘in ths light or at a low o:wgen
" tengion in the daxk, pigment was formed and the epecific gcts,vm.eaor
'ALA gynthetams and ALA dehydraee increased. This adaptation could be
blocked by protein synthesis inhibitors. Addition of oxygen o organisme
growing anaomhieany in the li@xt not only inhibited pimsnt aynthni:
ut also Mibited ALA mﬂwt&.& and ALA dalvd:mse synthesls, and
increasing the 1ight intensity had the same effect, Removal of the oxygen
reversed these changes, . : ‘ ,
Lasoelles (1956) z'cpbrtad that addition of iron to Rps. spheroides.
i1luminated in a medium containing gecxoglutarate and glycm;nhiblm
~ porphyrin excretion, and more recently (Lamll&sg 1960a) she found that
haemin and ALA, added to oultures growing in the light, repressed the



synthesis of AlA synthetase and ALA dehydrase,

Kilmachi gg_a_}_, (1958) reported the presence of a hedﬁ-labile
inhibitor of ALA gynthetase in extracts of sgrobically grown
Rpse spheroides tut mot in extracts of amembically grown organiams, but
Lascelles {1959) oould not repeat this finding

Seno & Cranick (1961) postulated that, in liver, porphyrin synthesis
is controlled ‘By the permeability, either active or passive, of the
mitochondria, since ALA is synthesised in the mitochondria, ALA is -
- converted to coproporphyrinogen by uamble engymoes, snd protoporphyrin
is formed in the mitochondiris. o |

The organimm:used in the studies to be reported in this thesis is
the photosynthetic mioroorganism Rps, spheroides, which 1is a menber of
the nonesulplmr purple bacteria Athiorodagoass - This organiam has been &
popular choloe for work om porphyrin gynthesis and on the control of
pigment synthesis, mainly due to its ease of growth both aercbically and
photosynthetically and to the faot that it. contains relatively high
concentrations of the enzymes of porphyrin aynthasié and of the porphyrin
pignents themselves. Rps. spheroides can grow both acrobicelly in the
dayk and anaercbically in the light at the expense of a mmbexr of simple
aliphatio acids or alcohols. ‘

 Initially the ob;geo% of the work was to investigate the role of

biotin in the gynthesis of ALA, since Lasoslles (1956) had indicated that
biotin was involved in the production of ALA, but not in its further
metsbolisn to porphyrins.  ALA aynthatam has not been alosely studied
pmiwaly and since its action involves a deaarbo:wlation and most bilotin



engymes, so far described, catalyse carboxylations, it was thought that
bictin might be resired i'ocr the condensation of succinyl CoA. and glyeino
to form ALA.  Although the A4 synthetase activity is reduced in biotin
deficiency, this is mot a specific effect, as other unfavoursble growth
conditions. also reduce the activity. ~These results, together with those
obtained using avidin, show that the ALA synthetase 18 not » biotin enzyme,
The work has developed into a study of various aspeots v'of' porphyrin and
/bacteriodzlomphyil blogynthesis including control mechaniams, - Aminoe
acetone, a.mmer- a=gminoketone, is produced in relaﬁvely large amounts
under mitabie oorxiifions. 4 powerful g-alanim-mx transaminase has
been discovered. Ethionine and threonine, alone smong & largs mumber

of compounds, irhibit bacteriochlorophyll synthests and greatly stimlate
exaretion of porphyrins. Some evidence has been cbtained that the

methyl ester group of bacteriochlorophyll is domated directly by
methionine, and that this is the step blocked by ethionine and threonine.
Haemin has been found to inhibit m aynthetass activity in cellefres
extracts, and pmmporphyrin to mubit ALA dahymse activity.  These
resalts and those of other workers have been uaed to discuss possibh :
mechanisms for the control of porphyrin, ‘bacteriochlorophyll and oamtumid
eynthesis in Rps, spheroides, During the course of the work a threonins :
delwdmgenase‘; whioh aoiwert’a L-thm to aminoacetone, and‘ a
| A~hydroxytutyric soid dehydrogenase have been discovered and same of their
properties investigated. '
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Chenicalp

onuuauwﬁmmnmmomagﬂu(wwhxwmaammwm-
pyridine mcleotide (DFME), oxidised trighosphopyridine maleotide (TEN'),
mmmmmncmm.wuammmmuNMmmnwmmmmm(mmam'
reduced glutathione (0SH) were cbtainsd from Boehringer & Soehne,
mmmm,mmmw;a»mmﬂmf,ymnmmmﬁuﬂmrmnMAquwum
thioclaotone from Mamn Research Laboratories, Inc., New York; ooengyme A
(Gon, 70 yure) end avidin (2.5 units/mg. protein, 1 unit of avidin |
coabines with 1 ug of biotin) from Matrdtionsl Biochemioals Corporation,
Cleveland, Ohdo; pyridoxsl S-phosphate, D-biotin and DL-ethionine from
Roche Products, Lid., Welwyn Garden Oity, Herts.; D-ethionine, L-sthionine
mﬁﬁﬁmmmﬁnﬂmﬂdﬂwﬁa%wwﬂ%nﬁrﬂmmﬁmlmnuw.‘
Los Angelen; -[methy)->*0]nethiontne and B[ 2-*0]mevalonolactons from
- the Radiochemical Centre, Amersham, Buoks. g—mm, g—mothmnim
and D-allothreonine were very kindly sipplied by Dr. D.F. Elliott,
National Institute for Medical Research, Mill Hill, Lonion, N.W. 7.
p-Aminolaevulic acid (ALA) was prepaved by the method of Shemin (1957).
Aminoacetone was prepared by catalytic hydrogenation of oximinoacetons,
followsd by recrystallisstion from ethancl-sthar, Y-Amino-g-hydroxy-
butyric acid was prepsred by Dr. J.B. Neilands (Neilsnds, Neuberger &
Soott, 1960). Preparations of avidin (49 units/mg. protein and
9.6 units/mg. protein) were supplied by Dy, NoM. Green, Ovalbumin and
ovomic0id were supplied by Dr. ReD. Marshall. To-Dioxovaleric acld was
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prepared by Dr. A.T, Carpenter, and methylglyoxal by Dr. J.J. Soott.
Dimethyl protoporphyrin and protoporphyrin were prepared by the method of
- Grinstein (1947), Mg pmtopofph‘&ﬂ'xi dimethyl ester and Mg protoporphyrin
by the method of Granick (1948b), and haemin by the method of Fischer
(1955)¢ - Buccinylecoenzyme A (siccinyliCok) was propared by the method -
of Simon & Shemin (1953), acidified to pH 3 with HCl, and kept frogen
until required,  The values quoted for sucoinyl-CoA are based on the
amcunt of CoA used, assuming it to be 704 pnre. ‘Phosphate bqfreri were .
made from KH.FO, and KHFO,.  Tris buffers were.prepered from 2eamino-
 2-hydroxymethylpropane=1i3-dicl and HOL (Gomord, 1955).

Oxgapisms

The strain of Rhodopseudomonas gpheroides was cbtained from Dry
. Lasoslles (National Collection of Industrial Bacterie [N.C.I.B.] no. 8253)

w mmmmuwwmmmmn
oncbly as demibed by Lamllos (1955)- _
‘ MM: in all uperdmnts, unless nﬂwrwﬂ.aa ntatod. mrgwim
were gm!m m-membicauy in the 11ght at 32 = Ji» for M hr.
| Mcdiwn 8 of‘ lescelles (1956). The :u.hmimtinn was mpplﬁ.a&, and the
tm!pemb.zra maintained by 60 watt talbs plaoed at the apprapmto ﬂistamo
frmntherlaska. Gnnhmawam ganinsmml. or 1000 ml. lntsin
mnical flasks. Organisns gmvm ammb.tcally under osndi.tinns of
vitamtn derio&mqy were grown c:nwbly as a‘tatcd abovu, except that the
vitamin concentration in the medium was redicsds The vitamin
ooncentmtions for mmal mth an biotia L x zo'au nicoti.n:lc acdd
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8x m“g, and thiamine 3 x m‘sg. Acstate~gromn organiums were grown
anasrobically in the 1ight as desaribed sbove m@#ﬁa&tﬂmmﬁa% |
(.02 }1) in Medium S was replaced by acetate (.oa ¥) plus bicerbonate
(-005 M.
Aexobig growth in the dark was in Medium S, exactly as described by
Lascelles (1956). o
Complete anasrobiosis is not essential (Lamllu. 1959) and m all
the work anaerocbic s.o‘hm.uy means mi-amam‘bic, the mmmtiom being
done in an stmosphere of air but without shaking, o
Harvesting of orgavigms. At the enl of growth the organiens were
harvested by centrifugation at 0°, washed with a yoluss of +05 ¥ phoephate
buffexr, pH 7¢4y squal to half the original oulture vomm. and suspenied
in tuffer at a concentration of ac mge dry wt./ml., This suspension
was kept fmme.t-w untilnqu!red.

Synthesis from g-oroglutarate erd glycine. The washed cells wers
sispended at a final concentration of 1.0 mg. dry wte/ml, in Mixture I
of Lasoelles (1956)s Incubations were done m-amembiaally in the
1ight for 18 = 2 hr. at 32 « 3° in 100 z 10 mm. tubes containing 5 ml.
of reaction mixture. The heat and light were supplied by 60 watt bulbs
M at the appropriate distance from the tubes. This medium will be
referred to as Mixture I, and the above oonditions s staniard
ﬂhmimtion‘conﬁitﬂons. Any variations will be described at the
appmpriate place, The Wmm oi' Mm I is a-omoglutaric acid,
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0,01 m; ghyeine, 0,01 Mj fumaric acid, 0,02 ¥ (x )zma. 0.003 M3
Mg0,, 8 x 1074y Catly, 4 x 10""1&; My, 5 % 30°%; phosphate butter
i 6.8, .oosg. The pif was edjusted to 6.8 with NeOH,

' The conditions used were

exactly as described sbove, Mixture I 8 differs from Mixbure I in
omtaining suceinic acid (.01 g) instead of a~oxglutaric acids
Stnthesis fron beeninolawilio pold,  The washed cells vere
mtmimted in Mixture II of Lasoelles (1956) using the same conditions
es for {1lumination in Mixture I, This medium, whish will be referred to
as lixtare 1I, contains ALA, 2 x 10743 ¥gS0,, 8 x 107*4; and phosphate
tuffer pH 6.8, 0.1 i
| Ereparation of em - m | )
wo methods for dismpting the organisms have bem used, &mpemm
containing sbout 40 mg dxy wt./ml. were d&mpta& ul trasonically
(Mullard Ultrasonic Generator, twpe E 75904, dlard Ltd, , London, W.C. 1)
for 8 min, at 25 kc/ sec. . Alternatively, suspensions, 80 mg, dry wt./ml.
_were dhzuptod in themﬁu Press (Hoghes, 1951) and then umud with.
two vol\m; ur mrm-. '.{‘he run.ting mapendona wn ommmgod for s
% mi.n. at 105,0@ g. 1n tha ap:lmo Hodol I: ﬁlmntﬂﬂlgc, and the. clear
mpmtmtu umvod. | Thcn cuude enm exﬁacts, uhich are clear yollw
in colour, weraput mthe deep freezs, aither :lmdiabelyorarm
dﬁ.alym m:lnst «05 ¥ phospbate pH 7. L at 4° for 17 hr-. atﬂ. kept untﬂ '

mqa!.ud forauqy. _
Host ofﬂw cxparma to'be dnm!boﬁmyuf’omdwithm
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extx‘a.c:ta pmpared by the Hughes Press method, and this can be assumed to be
the method used unless otherwise utatad.

Estimations

All spectrophotometrio estimations were performed on the Unicem

spectrophotometera, models}SP 500 or SP €00, | |
- Dry weight of organimms, The extinction of guspensions was
measured at 680 myu and the dry weight calculated from a calibration ourve,
The calibration curve was opnstnwtod by drying suspensions of wrganisms
in water to constant weight at 100°, efter having measired the extinotion
of the suspensions at 680 mu. Absorption due to the photopigments is
minimal at this wavelength (Cohen-Basire et gl., 1957).
| Garotenoids end becteriochloropiyll. These pignents were extrasted

from the organimms with metharol or acetone-methanol (7:2 v/v) and
measired spectrophotometrically by the method of Gohen<Baxire ot al. (1957)s
In some of the early experiments bacteriochlorophyll was estimated by the
method of Ven Niel & Arnold (1938). This method was found to be
unsatisfaotory and all further estimations were done by the method of
Coben-Basire ot al, (1957). |

Forphyring,  Thess were estimated spectrophotometrically in the
mpezmtknt aftor removal of organisms by centrifugation, exactly as
described by Lascelles (1956). |

m_:\__q. The mmmuonormminmt-mmmdby
the biuret reaction (La;me, 1957), using crystalline bovine plasva albumin
as standard, )
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Pmtcin and _meleic acid, When astimtions of both these !
oonpomnh in extraots were mquired, the optical densities at 260 my

and 280 mp were measured. The concentration of each component was
caloulated from the extinotion coefficients for emolase and micleic acid
given by Wartmrg & Christian (1941).
 p=Aminoleswilic scid, The amount of ALA was estimated colori-

metrically after condensation with acetylacstons by the method of Maussrall
& Granick (1956). The coléur was measured 15 min, after addition of the
Ehrlich's reagents

Aminoa lactom. ‘I'h,;a oqmpmndmesﬁmte&bythe same mathod as for
ALA exoept that the colour was measured immediately after addition of the
Ehrlich's reagent. _ :

Authentie ALA and amincacetone were used to constyuct standard m:m_-.f

Apsay of ‘aaeti'm

LWM- The reaction mixture contained
cude enzyme extmet, 0.05 0.3 mg, protein (0.25 1.5 mg. if tho

extract was prepaxv& by, ultrasomie disintegmﬁon of organim) 3

phosphate buffer g 7ok, 3705 pmolos; glycive, 12,5 pmoles; sucolnyleCok,
0.2 puolu's“ pyrmoml pboiphate, 0.05 umolesj water to 0'-375 (ml.
Inmbation was at 37° f'nr 30 min. The raactﬁnn was stoppad by addition
o; 0,175 ml. of zo% (w/v) trichloroacetic 2cid,: The pmcipitatad '
protein was rmvad by centrifugation and washed with O.45 nl, of %
trichlorvacetic acid. The combined supernatants were estimated for ALA



as described gbove, The amm‘c of ALA foméd was proportional to the

amount of extra.ct added over the mnge ataﬁed; Every emwme extract

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

range to ensure that the remlta were valid, = Formation of porphyrine

| wne not aetaoted under the oorﬁitiom used. | |
Q*Aaimgmyﬂ _d_&;_m%. Th:ls engyme was assayed by the

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

1 = 5 mg, of protein (2 « 10 mg. if the éxtma_"h_waz prepared by ultrasonio

a4sintegration of organimms); phosphate uffer pi 6.8, 200 ymoles;

G8H, 30 pmoles; water to 3.0 mly = in the main onmparh:ent: of Thmhorg

tubes, andm. 33 pmoles in L0 ml. of water in the sideam. Tho

| tubes were cvamam on the water pump and incubated at 37° for 60 min,

The mntents were mixed and the incubation contimied for ancther

€0 - 90 min,  Deproteinisation, destruction of SH groups and estimation

of porphobilinogen were performed by the method of Gibson et al, (1955)

The rate of por;i:nbzlimgen prmhction was pmpoz‘tional to the protein

added over the range used, Assays of all engyme extracts were done |

at two or three different ensyme concentrations within this mgo. |



EXPERIMENTAL AND REBULTS

ACCHMILATION OF AN AMINOKETONE BY WHOLE ORGANISMS UNUER SUITABLE
INCUBATION QONDITIONS; ITS FURIFICATION AND ITENTIFICATION

Lascelles (1956) noted that Eps. spheroides incubated aerobically
in the dark in Mixture I did not form porphyrins. Onramting tﬁi.a
experiment, although no porphyrin oould be detected, an aminoketone, which
was at firat assumed to be ALA, was found, It was moted, however, that
the aminoketone behaved like amincacetone, not like ALA, in the Maizexall
& Granick (1956) estimation method, giving a oolour m«iiately the
Ehrlich reagent was added, The pyrroles, formed from aminoacetons
(c&xjcomzmz) and the smincketone on condensation with acetylacetone,
could both be extracted from aqueous solution at pH 8 into ether. The
pyrrole formed on condensation of ALA (HOOC. aizcn'zcocxzmz) with acetyle
acetons, having a carboxyl group, could mot be extracted from agiocus
solution at gl 8 into ether. This confirms that the aminoketone formed
ia not ALA, and ghows that it may be aminoacetone or some similar aminoe-
ketone lacking a carboxyl group.

Incubation of organimms with threonine also gave en amincketone with
similar properties to the one found above.

Elliott (1958, 1959, 1960a) has recently reported that an aminoketons
is produced when Stephylococous sureus is inoubated asrcbically in a
medium containing glycine and glucose, or in one oontaining threonine,
He has characterised the aminoketone from tlhreonine as aminoacstons by the
preparation of derivatives, but the one from glycine and glucose ia
produced ‘m very small quantities and has only been identified as



aminoscetone on the basis of its chromstographic and electrophoretic
pn;zpurtie:.' ‘ . |

 The anincketone formed from threanine was assumed to be sminoacetons
axﬂmmrthermkhubundnm on it, Prelmimrypaﬂm
m:‘ification indicated that the aminoketom p‘romeod in Mi.xtum I midlt

'be diffemt fmm amincacetons, so it was &ooidod to purify it and
identify it. It was also thought that this m&mm, being en
mlogue ot‘m, mightplqy mpartinﬂn ccntrol ofporphyzﬂ.nmmom
byintwferingwiﬁ\ the synthesis or metsbolism of ALA,

W Organisms grown anumbically in the :ugzt
were suspended at 4 mg dry wt./uls in Mixture I, or in Mixture I
m&iﬁ.u& mmam The suspeusions, 5 ~ 10 ml, in volume, were
mntaimd in boiling tubes. The tubes were oomoctad in geries and the
muspensions vigorously amhdbybabbm air through from a oylinder.
The incubations were done at 35°.  Semples were removed at various times,
0,06 volumes of 100% (w/v) trichloroscetic scid added and amincketons
estimated colorimetrically in the sipernatent after removal of the
precipitate by centrifugation. Quantiti;a of mimké‘hom foxhad are
expressed as aimﬁoawm.

Results

In Mixture I the buffer concentration is low (.006 g) and it was nota
that&xﬂnginwmﬁonthepﬁmutrmﬁ.ato9qrhigher. At a
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phosphate buffer concentration of 0.2 M the pi did not rise markedly, and
the amount of aminoketone which accumilated in 16 hr. (063 umoles/ml.)
was six times the amount which oould be detected in Mixture I without
added buffer (,010 imoleg/ml.). All further experimonts have ﬁxmfore
been done in the presence of 0,2 M phosphate hzf‘i'erpﬂ 6~

It was found that omission of (N )zlﬁcat‘mthamdimdﬁmt
affect the yleld of sminoketone. The accumilation of aminocketone was
found to be linesx for 4 hr., then it mmﬁletely stopped, and the smount
of aminoketone detected remained constant over the next 18 hr,
a=Oxoglutarate and fumsrate, if edded after 4 hr., gave a further increass
in aminoketone, but adding glycine had no effeot.

When the Incubation was done inameﬁmlackhigmtal :hms, ths
accumlation of aminoketone was low and variable, and it was concluded

24 24

ﬂmtomormefﬁwmtah Ks » Ca” , ¥Mn 2

- wore required, Mn
greatly enhanced theyieldofamimkom, Gn. * had no effect, antlllg
lowered the initial rate of acoumilation, but the final yield was slightly
greater than that obtained in the sbsence of Hs (Fig, 3). Increasing -
the concentraticn of MnZ' in the medium inoreased the yleld of aminoketone
(Fige &4)e

The optimum pH for aminoketone aocumilation was found to be 5.2.
No aminoketone was formed: if g=gxoglutsrate and fumarate were replaced by
aoﬁtat&

A n of Gl on tion

Yhen organisms are illuminated in Mixture I under standard
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Fig. 5 Accumlation of aminoketone ansercbically
in the light

Organisms illuminated under standard conditions
in Mixture I (p. 16). Incubation at 32 - 34°,
Samples removed at times shown and estimeted for
aminoketone,  FPhosphate buffer pH 6.8, .15M
(o—ae); -05M (o—0).
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conditions (p. 16) a small amount of an aminoacetone-like aminoketons
acoumlates (0,012 jmoles/unl.) during 24 hr.  The yield has been
greatly improved by increasing the phosphate tuffer concentration (Fig. -5)
This effect s not specific for potassium phoéphate buffer, a similar
Yicld of .mimketom being cbteined with 0,15 ¥ sodivm punaphat; ér tris
Rurification of the sminoketonss
The eminoketone which sccumilates asrcbically in the daxk ("daxk"
aninoketone), and the ane which acoumlates anaercbically in the 1ight
("light" aminoketons) were produced in large M‘ta, using the optimal
~oonditions worked cut above. The conditions used were:
I "Dazk" stong:  Sodfum aeoxoglutarate, 027 ¥; sodium fumerate,
054 i glyoine, .027 M; MnSO,, 5 x m"".u_:;‘ phosphate tuffer pi 6.1,
0.2 Mj organisms, 4 mg. dry wt./ml, Suspensions were aerated at 34°
for 8 hr. _ _ , |
II, "Light" smincketone: Mixture I, plus phosphate buffer pH 6,8, 0.1}
ergmm; 1 mg. dry wie/ml., illuninated under standard conditions at 3,°
for 21 h.i-. : |
At the end of the inwubations the pH was adjusted to pH 5 with HOL,
the organisms removed by centrifugation, and the Wﬁnta t}ud for |
parification of the amimhétoms. The incubations were done in 'ba'bdiu
and the mﬁemmts pooled. The mriﬁcationm started with i?} pmole
of "duk" amincketons and 159‘;mlen of "light" aminoketons,
W Identical methods were used for both aminoketones.
Step I. The supernatants, after dilution with water, were passed through
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columns of Zeckarb 225 (40 = 80 mesh) in the H' form, Solution was.
passed until the columns iere almost saturated, as judged by the colour
change. The columns were then washed with water until the effluents
were neutral. The eminoketons was eluted with NeHCl followed by

1.5 N=HC1. 10 ml, fractioms were collected. All the fractions
containing aminoketone were combined and drieds The large residue
obtained is mainly KCl. The ylelds cbtained by colorimetric estimation
were: "dark™ aminoketone, lik ymoles (B4%); "light" aminoketons,

134 pmolen (85%), | |

Step 2, The emincketone and amino acids were extracted from the molid
residue with ncetone containing 57 of Gg-gﬁcl (Smith, 1958). Thie
extraction left most of the malt behind, The extracts were dried and
the residue taken up in water. Yields: "dsxk™ aminoketone, 125 pumoles
(728); "l1ght" enincketons, 130 moles (827).

Step 3 The soluticn from step 2 was eprlied to a column of Zeakarb 225
(8% arﬁu-lirk&d. 50 p particle size) in the H' form. The column,
2. x 1 cme in size, wos washed with water until the effluent was neutral,
Elution was performed with 0.5 g-Hcl, at a flow rate of 5 ml./20 min,, and
5 mi. fractions oollected, The aminoketones were eluted with spproxi-
mately 200 nl, Of 0,5 N-HCl,  Analysis showsd a symetrical peck with .
very 1ittle tailing, The fractions containing emincketons were pooled,
dried and the residue dissolved in water. Yields: "dark” aminckstone,
113 umoles (65%); *light" aminoketons, 72 umoles (45%). |
Step 4  On paper >chrmgtognphy in butanolwacetic acid-water (60:15125
by vols) the aminoketones from the last step gave o yellow ninhydrin spot
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with Ry 0.39 (amincacetone, Ry 0s39; ALA, Ry 0.29) and a small purple
gpot with R, 0s51, The final purification was therefore done by

paper chramgtography using butanol=acetic acid-water and the aminoketcns
eluted off the paper with HCl, This method gave a complete separation
from the amino acm dopuarity, Wt the Fecovery of Wetom was dow.
Kield: "dark" eminoketone, 13.7 umoles fxom %0 pmoles; "light"
aminoketone, M.B‘pmlaa from 32,9 pmoles. |

Identification of the am:mokagamg

The following properties of both "dark"” amincketone and "light”
‘aminoketone ere identical with those of aminoacetons,
1, The Ry values are the same as amincacetons in tutanolwaostic acide
water (60:15:25 by vol.)s
2. On paper they give yellow spots with ninhydrin, which turnito brown,
then to purple on standing. Amincacetone and ALA show this alsos
3« The pyrroles formed from the amincketones on condensation with
acetylacetone have the same R, values as the pyrrole fram aminoacetone
and acetylacetonc, in butancleacetic acidwwater (63:10:27 by volh‘)
(Rp 0.87) and in butanoleammonis (equal volumes of butanol and 1.5 N
amonia) (R, 0.85) (Maugerall & Granick, 1956)
Final proof of the identily of the aminocketones was obtained by periodate
oxidation and identification of the acid formed I;y gas partition
chromatography. | |

Shemin, Fussell & Abramsky (1955) have reported that pericdate
oxidation of ALA gives good ylelds of mboin:lc acid. Aminocacetone on
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periodate oxidation should give acetic acid.
Periodate oxidation., Aminoacetons and pai:iﬁed and.mke*bomsAm
oxidised in 10 ml, of a solution oontaining Ol g of s07, (w/v) periodie
oid and 0,15 g of Namos |
'léhr.mﬂmdarkatmtmpmm 'Rmperindatea!ﬁiodatem
precipitated by adding exocess 0.2 M-Baclz. After centrifugation the

- i of the mpexmtants was adjusted to 3 with 3 Mzsoh and the

The reaction was allowed to panceed for

- precipitate again mntriﬁzged off. The supernatants were _sbeam-dintmed
at pi 3 (no HC1 distils over at this pH), and distillate collected
until no more acid came over. The dintillates were kept alkaline,
and dried in vamo., - - -

Mgtion ohmma,tow This was carried out acoording ﬁo
Jms & Martin (1952), = The apparntus was built by})r R.D. Marsinil,
and I am g,mtem to him for inatmctioninitsuac; The colurm was
made from kieselpguhr (Celite 545, Johns Manville Co. s Ltd) which was
mixed with half ite weight of silicone (ua 550, HOpkinn and Williams, ma.)
containing 10% (w/w) stearic acid. The oolumn was 130 on, long and
had an internsl diameter of 0.5 o “ax:d was contnimd in a steam Jacket.
' Partition was accomplished by pasl!:xg nitrogen at a xn‘essurn of 45 am. Hi-
The aciﬁa ming off the column were tityated with 0.02 N-nNaDI'I using
0.001% phenol red as indicators When the colour of the indicator changed
from red to }ollmr as acid came off the column, drops of NaOH mx‘-a(a.d&od
from a burette to reversse the colour change, and the time when the drups
wexe added m mted.

_With the ocolumn used and running it at a pressure of 45 an Hg'and
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at 100‘_’, the elution time of the acids was:. formic acid, 7 min. H .' =§cotic
acid, 20 min, ; propionic a.ciﬁ, 35 min, ; and butyric acid, 65 min, A |

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

o:_€" water and one drop §f 100% 2{31’04 added to éa_ch. - The fatty aclds

) were extracted into ether (3 x 5 ml. ) and the oombined ether extracts »
dried over anhyd.:ms'réigsow After filtering, the ether solgtioﬁs were
taken to a emall volume with a stream of nitrogen and spplied to the end
of the colum.  The colwm was replaced in the steam Jacket, and the

 chromatography pexfomed;  Tho resilts are shown dn Table 1.

Ss_upio A mnalelw " Acia recoverad on gu - . Elution time
. chromatography o , '
(min, )
7  pmoles- %,
Reagent = = 00 - -
blank = -
Amiromoetone 10 W2 w2 20
Aminoscstone 20 LI 57 20
Aminoacetone 50 26,6 < 53 2
Aminoacetons = 100 19 i 20
"Dark® amino~  13.7 7.8 57 20
ketone = o |
MLightt 168 w2 67 20

. aminoketone

The columns were run for a total of from 60 « 80 min, but m"nbm-actd |
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. TABRLE 2

Rem' rements for Lethreonine dehyirogenase aotivity

\Asm'iy: ;___,..mm, 25 umoles; pyridoxal phosphate (where added),
0,05 pmoles; DEN® or TENT, as indicated; enzyme ~ crude dialysed

extract (= 1.0 mg. protein); phosphate buffer, pH 7.4, 75 Wlea;

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

with trichloroacetic acid. Supernatant, after remval of protein,
estimsted for aminoacetone,

pen* TEN®  © Pyridoxal phosphate Aminoscetons
| (umoles) o ~ (pmoles)
0.5 .. s . .032
1.0 » - . + .0&2
- 0.5 e 00}
- L0 e , «005
1.0 - - | .038

- 1,0 - 005
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was eluted, Samples of sodium acetate, on acidification with H,F0,
extraction into ether, and gas chromatography also gave a Tecovery of -
about 507

Thgae~ results show that both the dark aminoketone and the light.
aminqketone are aminoscetone. |

THREQONING DEHYDROGENASE ACGTIVITY IN EXTRACTS

An anzyme haa been found in extmots of Rps, gll_emidcg wh:leh
pzﬁduaeaamimaoetoneﬁmthmonﬁwinthepremofbm that 1s a
threonine ae}wmgemae (Teble 2). All the exporimem:s have besn \
performed with extmcts prepamd frcm organimna grown anaercbically
in the 1ight, Teble 2 shows that TER® eammmp:tmnm’*aa
- hydrogen aceeptor, and there s no reaction m the abaeme of 'bhe lattero
Pyx'idoxal phos:mate doea mt enhance the a.ctivﬂw.

The amimketom fomd .‘m the a.bova mactian has ot baen
rigorously identified, but it is identicel with auinoacetons im that
the' pyrrole formed by memmn with acetylasetone can be extracted
into ether é.t P 8. The spectrum of the pymle-Eixrlid:‘omiex
formed in the Mauzerall & Granick (1956) colour reaction is also
identical with that for sminoacetone. The mature of the reaction
also indicates that the aminoketone is aminoacetone.

The pm&mtion of amincacetone has boen meamred in the presenoa
' of‘ inoreasing amounts of engyme (Fig. 6)» nhcming a linear enzym-
activity curve, and at different times (Fig. 7.
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I..::Threonine dehydrogenase: effect of
Increasing enzyme concentration.
L=threonine, 25 ymoles; 0.5 ymoles;
Phosphate pH 7.4, 75 pmoles; 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,
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 Fig. 7 L-Threonine dehydrogenase: _effect
. Bf time on aminoacetone production.
L-threonine, 25 umoles; DPN*
U.5 umoles; phosphate, pH 7.4,
75 pmoles; crude dialysed enzyme
extract (= 2,0 mg, protein); water
t0 0,75 ml. Incubation at 37° for
times stated. Reaction stopped with

trichloroacetic acid and aminoacetone
estimated.
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Fig. 8 I=¢-Threonine dehydrogenaseﬁ pH _curve

L-threonine, 25 umoles; DPN', 0.3 umoles;
Puffer, 75 umoles; crude dialysed enzyme _
extract (= 1.0 mg, protein); water to 0,75 ml.
Incubation 1 hr. at 37°0  Reaction stopped with
trichloroacetic acid and aminoacetone estimated,
Buffer: +tris &—@ ; phosphate O—————0;
carbonate-bicarbonate &~—————190.
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The reaction has been done in tris, phoaphate, snd carbonato-
 bicarbonate buffers at various pH velues (Fig. 8), The optimum pH
in tris is 8,6 - 9.1,  Carbovate-bicarbonate buffer inhibits the reaction.
A comparison of threonine dehydrogenase activities using L-threonine
and DL-threonine indicates that D-threonine is not acted on and does |
rot inhibit the reaction with the Leiscmer {(this has been confirmed,

see p. 38 ). The engymo is therefore an L-threonine dehydrogenase,

‘There are two possible ways in which L-threonine can be converted
to sminoscetone. These have also been considered by Elliott (1960a).

DEN*
m,m(on)ai(mz)m. —> msm(mz)m
Threonine _ g=Amino=-g-oxybutyric acid
~00,, |
G ,O0CH N,
Aminpacetone

ga’ax(en)m(mz)m e B W;W(m)"’z”iz

Threonine A=Aminopropan~2-ol .
A
mﬁmzma
Amincacstone

The intermediate in pathway I is eitmly unstable, Laver et al.
(1959) having shown that it hes a half-lifs of much less than 1 min. at
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pH 7; and therefore it would decarboxylate spontanecusly to give
amimmtomg

. If the reaction went by pathway II, D-1~amincpropan-2-0l should be
‘able to replace L-thrsonine as sibstrate for amimpacetons production.
DLl-Aminopropans2-ol has been tested with the engyme system, in the
~ presence of IPN' and TRN' at a range of pH values between 6.0 and 8,8,
No aminomcetons oculd be detectsd. DL~1-Aminopropan-2-ol did not
inhibit amincecetone production from a—ﬁmnim. It 1a therefore
obvious that pathway II does not operate,

Protein and mucleio acid were entimted by sbsorption measurements
at 260 my and 280 myu.

Assey of activity in frections, IL-Threonine, 50 jmoles; DEN',
0,2 upmoles; tris, pH 8.8, 75 umoles; enw; water to 0,75 mlq
incubation at 37° for 1 hr.  Reaction stopped with trichloroscetic acid
and aminoacetone estimated.

All purification steps were oarz&dmt at 0 = 4%,
w: MnCl, treatment, To undialysed cmdean:gme extract was added
0,05 volunes of g-ma. After standing for 15 min., the mixture was
centrifuged. The supernatant was dialysed overnight against 0,05 X
phosphate, pH 7.4. A precipitate wmoh ff.?md was removed by
centrifugation. ,
Step 2. The sipernatant was fractionated with solid (sza at 35%,
45%, 60% and 80% saturation. Each precipitate was collected by
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centrifugation, dissolved in e volume of buffer equal to O.22 volumes of

the unczz mipernatent and dislysed, ’ '
' Step 3. The solution containing the L5 = 607 (M )80, precipitate was

adjusted to pH 6 and treated with 0.1 vomme. 0.1 volume and 0.2 volumes
of 035(30;‘_)2 gel (13.5 ag-/nl;)e The smupernatant was recovered from one

gel treatment before addition of the mxt. batch of gel. To the last
supernatant was added 0.6 volumes of gel. The precipitate cbtained

by centrifugation was eluted once with water and twice with 0,05 g

phosphate ﬁ Tolss

Praction Specific activity Rurification  Recovery
ey oadl (b;;';?-‘iﬁ) -
Crude extract .13 ‘L0010
Wik, eapirmatant | 126 W 65
) e 0 - ;
L5k "‘2& b Jas5 1.37 15
6of ) teven w200 W
8% ) . am 1.6 12
lst Wffer sluste WSS k82 .
aia mm;r eluate 465 k1l 8

me firut buf‘fau- eluate, hereafter reforred to as puriﬁed enm" dwn :
a pu-iﬁoatm of 482 fold with respect to protein and cmtaim very



Assay: ge-amino-f-hydroxybutyric acid isomers, as atated;- DHW’, 0«5 ymolesn;
tris, pH 8.8, 75 umoles; crude engyme (= 0,96 mg. protein); purified .
enryme (2 .105 mg, protein); water to 0,75 ml. Incubated at 37° for 1 hr.
Reaction stopped with trichlorcacetic acid and amincacetone estimateds

Crude engymes x o Purified enzyme
&xbatuteﬁ | Aminoacetone = Substrates Aminoacetone
(umoles) . (umoles)  (moles) (1meoles)
L~threonine 5,0 +0332 L-threonine 5.0 «0166

| Lethreonine 50 on5 g—ﬂ:nmm 10,0 0316
D-allothreonine 5,0 «0106 Dwallothreonins (50 ~  .0093
D-sllothreonine 5.0 0106 Deallothrecnine 10,0 - +O0146
D-threonine . 50 ,000  D-threonine  10.0 000
Lrallothreonine 5.0 .00 Leallothreonine 10,0 4000

| i threontns 5;0 .0166
g-ﬂmm:lmi
‘g—mm } +0166
0233
fnnalloﬂmoﬁmi
| oo
D—alloﬂlmon!mi
D»anothreonhn 0084
a-threonim }
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little mucleic acids This purified engyme has been used in a mumber of
expexriments,

A linsar increass inthe production of smincacetons with increasing
anmnt;afmmwasobtaimdatpﬁ&.& The xH curve in tris is
very similar to that obtained with orude engyme (Fig. 8), giving an
optimal activity at pH 8,8 « 8.9,

" The specificity of crude engyme and puxified enzyme towards the
four isomers of a-amino-fS-hydroxybutyric acid is desoribed in Table L.
oni,yg-mxnm and D-allothreonine are acted on by both arude and
purified engymes. Q—Thmonim and g-anothmnm are not acted on,
and they do not ivhibit the reaction of the other two isomers.

' D-Allothreonine is aqted on at 3i% the rate of L-threonine with crude
ensyme, and at 50 the rate with parified enzyme, '

With the purified ensyme, serine does not irhibit threcnine
dehydrogenase activity, WWWO acid appeared to inhibit
strongly, but this s due to the presence of an active S-hydroxybutyric
acid dehydrogenass which wte. for the DEN' (see next gection).

ws}th orude enzyme Y*Mww acid is not oxidised to
form an'amimkaﬁom, nor does 1t intcrrm with threonine dehydrogenase
aotivify‘ | | |

The reaction mechanism was assumed to be as follows:
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KSO 260
Nchoa(/gmo\cs)

Effect of sodium bicarbonate on L-threonine
dehydrogenage activity

L-threonine, 25 ymoles; DEN', 0.5 ymoles;
Tris, pH 8.8, 75 umoles; NaHCO, (pH 8.9) as
stated; crude engzyme extract (£ 0.45 mg,
protein); water to 0.75 ml. Incubation 1 hr,
at 37°. Reaction stopped with trichloroacetic
acid and aminoacetone estimated.
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Threonine +‘DPN"————->Am1maoe‘bone 4+ VPNE 4+ B + 032 -

This has been confirmed by finding that the ratio of aminoacetone formed
to DPNH formed is approximately unity (Table 5),

Assayt DL-threonine, 200 pmoles; DEN', 20 jmoles; tris pH 8.8,

300 pmoles; mrified engyme (g +21 mg. protein) and water to 3,0 ml,
were incubated et 37° in the heated cell-holder of the Unicam SP 500.
The fommnorMmmmdatmw (1 mcnnm/s.o:n. |
2,07 c.d. at 340 m with 1 am 1ight path). The reaction was

: atopped after 2 min. anﬂ the sminoacetone eatﬂmam

DPMH- (umoles) Aminoacetons (umoles)
070 + 08l

mn detamini.ng the piH optimum of crude anm (Fig. 8) it was
noted that a !mr engyme aotivity was obtained m carbonate-bicarbonate
 tuffer as compared with txris Wfar. - Thic has been extended by finding

that NeHOO, irhibits threonine dehyirogenase activity (Fig. 9)

Effect of inhibitors on de

A range of known enzyme inhibitors hao been m..a far an effect on
threonine dehydrogensse activity (Table 6). 'rhe conmla were performed.
in each case to allaur for mn-enmio deatmotion of aminowewm.
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TABLE 6
Effect of irhibitors on Lethreonine dehydrogenase activity

Enzyme ms %-threonina, 5 pmoles; I}Pﬂ*, 0.3 pmoles; tris pH 8.8,
75 pmoles; enzyms {crude extract = 45 mg. proteing rm2 sipernatant =
+26 mg, protein); ivhibitor s indicated; water to 0,75 ml. Inoubated
'at 37° for 1 hr,  Reaction stopped with trichloroacetic acid and
aminoacetone estimated, COnmlsi amincacetone, 0.052 mplgs:

tris pH 8,8, 75 mmoles; inhibitor and water to 0.75 ml. were mixed,
Trichloroacetic acid was added immediately - non-Smcubated control,

or after incubation at 37° for 30 min. = incubated contol, and
aminoacetons was estimated, Resilts arc expressed as percentage of
 aminoacetone in the tubss without added inhibitor, The moneinaibated
zaontml gave -the mame gmount of amincacetone as the inoubated contrél,

in the absence of inhibitor.
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Aﬁdod compound (1)

Hgs0 1073
" 3
CuS0, 10~
AgNO4 ~ 2x1073
S0, 1073
mcz . iD"S
FeS0, o 1%
Fe(n} ]13:;
Mgs0,
unSO, 103
CaCl, 1073

Thiosenicarbagide 2 x 10™3

D-Fenicillamine 2 x 1077
I~Cysteine 2 x 1073
Todoacetamide 2 x 1073
Sodium aside 2 x 2074

aa'~Dipyridyll 2 x 1073
8-Hydroxyqino= 2 x 1073
line

EDTA : 103

Enzyme activity
in cruie extract

| d .
EesBavoelw

R

5 a88sesgp £B

4 x 1079
y 5 x 104

'2110"'5'
2 x 1073
2 x 107
2 x 1077
Sels x 107
2 x 1074
2 x 1075
5ok x 1072

103

Controls
T g e

10 95 10
6 100 2k

12 107 99
K{} 100 98
S5k 105 103
125 105 106
125 ni. 112
119 103 101
62 8 61
142 105 103
116 111 105
16 104 100
50 99 95
12 1, 105
19 115 107
125 115 107
7 101 120
112 134 105
97 101 - 98
65 103 100
17 106 100
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Fig. 10 Inhibition of L-threonine dehydrogenase by EDTA

DL~threonine, 50 umoles; DPN+, Q.3 pmoles;
Tris pH 8.8, 75 pmoles; crude enzyme extract
(= 0.45 mg, protein); water to O.75 ml.
Incubation at 37° for 1 hr., Reaction stopped
with trichloroacetic acid and aminoacetone
estimated,
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None of the compounds tested has any apprecisble effect on the
colorimetric estimation of aminoacetone, but amincacetone disappears
when incubated at 37° in the presence of HgS0, , QuI0, or Uni,,

The iphibition due to ethylenedianinetetrascetic acid (LDYA) has
been investigated further (Fig. 10); 505 irhibition ocours at
5e6 x M‘sg EUTA,.

Deamino=LEN' camot replace DFN' for threonine dehydrogenase aotivity

. and 3eacetylpyridine-DEN' has only 405 the activity of LEW'. NeSther

enalogue ishibits threonine dehydrogenase activity with DEN" (Table 7).

TABLE T

Asoays %—thrmim, 5 ymeles; DFN' or analogme, 0.2 mehi;‘ tris
3 8.8, 75 pmoles. Crude ensyme extract (k.5 mg. protein/zil.), end
water t0 0,75 ml.  Inaubation at 37° for 45 min.  Reaction stopped
with trichlorescetic acid and sminoacetone estimated,

Engyme iminoacetone (pmoles)
(ul./assey) DEN®  Deamino-DPN' 3 Acetyd DENY 4+ DEN* o

pyridine degmino= 3 aoetyl
DR DEN* ok
o DEN*
0.0k 20087 «000 <0030 - -
0008 -GIW . cm -00‘1\') ' 00190 ’ .Gm

Qo 12 * ozm [ 000 . 9100 - -
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Fig. 1la %E for L-threonine for L-threonine
ehydro

- 3 (T
(o] IO'/ 20 30 .08 o)
S ,

Fig. 11b

enase.,  L-threonine, as ;
stated ES = moles/l.); DEN',

0.3 ymoles; tris pH 8.8, 75 umoles;
crude enzyme extract (= O.27 mg.
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 umoles
aminoacetone/ 30 min,

.
08 16
I -
A x10

Ky for DEN' for L-threonine
dehydrogenase, = DEN' as stated
(8 = molegl. ); L=threonine,
150 ymoles; tris i 8.8, 75 umoles;
crude ehzyme extract (= 0.27 mg.
protein); water to O.75 ml.
Incubation at 37° for 30 min.
Reaction stopped with trichlorcacetic
acid and aminoacetone estimated.

V (initial reaction velocity) expressed
as pmoles aminoacetone/30 min,
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Michaelis constants of ILwthreonine dehydrogenase

The KH values for L-threonine and pen* for threonine dehydirogenase
have been detemined. For L-ﬂ:ramine the aaaays were dane in the
-mnmeofamughbﬂf to maturate thaenwanﬁforbm*mﬂm
presence of encugh g-mm to saturate the enzyme, The vesults,
Flotted as /¥ against 1/S after Linewsaver & Durk (195) (Fig 1la and D)
- gives

g-thmnme Bg = Tobx 2073 ot 37°

e’ By o= L7x107% at 3P -

Extmts.fxm organisms grown under s variety of conditions have
been assayed for a range of engyme uctiﬁtios (see later). One of these
ongymes ia Q-Mnine dehydrogenass, The assay conditions used in all)

axpnrimem:n ares %—thmnm, 50 pmoles; DPH"' Ou3 umoles; +txis
pH 8.8, 75 mlel; orude engyms axtmmt; water to 0,75 ml. Incubation
at 37° far 45 or 60 min. Reaction stopped with trichlorcecetio acld
and sminoacetons esﬁmtod. The aotivity of the engyme is emuud as
pmoles mimmtcnq/mg. protein/hr,

" One remilt which 1s relevant to this section is the finding that the
threonine dehydrogenase activity 1s greater in extwacts from biotin
dofioientwmimsthanfrmmzml organisms, mmmmw‘
'be an increase :Lng-throomno dehyirogenase activity and not the
development of activity towards Duthroon!m.

B=-HYDROXYBUTYRIC ACID DEH'!DW ACTIVITY IN EXTRACTS

Tt was found that S-hydroxybutyrio acid strongly inhibited threonine
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Enzyme (ml)
g-Hydroxybutyric acid dehydrogenase: effect of

increasing the enzyme concentration

DL~-3-hydroxybutyric Na® salt, 10 umoles; DEN',
umole; +tris pH 8,8, 300 umoles; 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 BPNH followed at 340 mu. 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 ﬁ-twamgmtyrid acid and threonine
(avemino~g-hydroxybutyric acid). Further investigation showed that the
é,pparent inhibition was due to the extremely fapid reduction of DENT

by tﬁe crude engyme extract and by the partially parified threonine

~ dehydrogenase in the presence of A=hydroxybutyric acid.

Some of the properties of this fe-hydroxybutyric acid dshydrogenase
have been atudied, since it was thought that the same engyme might be
responsible for both fehydroxybutyria and threonine dehydrogenase |
activities. All the experiments have been performed with extracts
prepared from organisms grown anserobically in t‘zie Iight.'

M—Hyamxybutyric acid Ka' ealt, 10 umoles; oEN', 1 pmole;

- tris pH 8,8, 300 pzmlea, enzyme; and weter to 3,0 ml., were inubated
at 37° in the heated cell-holder of the spectrophotometer, The |
production of DENH was measured by following the inorease in optical
danaity at 340 mu, A

Using orude engzyme extrsct the production of DFMH was linear for
3 min, and the amount of DPNH formed was proportional to the enczyms
added (Fig, 12). | |
This assay method is therelore a valid measire of the engyme activity
~ anl has been used, exactly as stated above, in all the expariments to be
described, The specific activity is expreased as umoles DPNH/mg,
pmtcinﬁnin.
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Fig. 13 p-Hydroxybutyric acid dehydrogenase: pH curve

Standard assay conditions, as described on p. 48
and in Fig, 12, Tris buffer pH as stated.
' Crude dialysed enzyme extract (= .18 mg. protein),
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?ai'tial purification of the enmc was oa:rried out exactly as
described for threonine debydmgenaae (p. 36 ). A eamparuon of
wtivitias, px:d.fications, and yielda of both threonine and Bnhyw
' wtyric e.cid dehydrogenases ahowed that no sepa:mtion of enwmin activities
~ had been obta.ined.

E‘or ﬁ-hydxmwbutyric acid dehyclmgcnase mv" cannot replace nm"
and TEN® does not interfere with the reduction of DEN® to DG, The pH
optimum for the ensmyme has been found to be 8.4 = 8.6 (Fig 13)s Soddum
‘bicarbonate irhibits Sehydroxybutyric acid dehydrogenase,  The presence
of 0,2 YeNali0D, in the standsrd assay reduces the activity to 39% of |
the control (of. Fig. 9 where a similar coventration of Wf}
izhibits the threonine dehydrogenass activity to 37% of the control).

The effect of some known engyme inhi‘biﬁors on B-hydm:qmtyric acid
ddnydrogemae has been determined (Teble 8).

" The addition of 300 jmoles of Dlethreonine to the staniard assay
for ﬁ-hyﬂmqhztyﬂa aoid delwﬂ:'cgemse doees not irhibit the rate of
DFIH production, Y~W~W‘tyﬂc acid does not reduce DEN'
in the presence of crude engyme extract, tut when 20 umoles are added to
. the standard assay aystem for f~hydroxybutyric acid debydrogenase a 30%
inhibdtion of DPNH production is cbserveds

The reveraibility of the S-hydroxybtutyric acid dehydrogenase has been
shown by cbserving a rapid DPMH oxidation when the sodium salt of
.+ acetoacetic acid and DFNH are incubated with orude engyme extraot.

Using the standard conditions (pe 49 ) it was found that with this
engyme deanino-DEN* was not reduced and ymwlpyrmiﬁe-mﬁ was reduced



- 52.

et 87 the rate of DFN'. Neither analogue inhibited DPN' reductions

TABLE 8

ffact of bitors on id ¢

Ehsyme assey: stendard conditions on p. 49 + Crude engyme extract
(= ©.135 mg protein). | |

 Inhibitor Concentration Activity % Gomtrol
® moles DFNH/min,

None R 033 k 10
None - | O3

p-Chloremercuris 5 x 1075 W.000 o
NaON 2 x 107 : 028 86
Todoacetamide 4 x 1070 o33 . 100
o o w073 w019 53
H@“ o 10=3 o ‘;“.000 - Y
MgS0, . w9
cact, w7 AL I T

 The K, values for Sohydroxybutyrioc acid end DEN' for S-hydroxybutyric
anid dehydrogenase have been determined. Each estimation was made at
a saturating concentration of the other cauponent. Fig. Lia and b
show the plots of 1/V ageinst 1/S. Presumably only one iscmer of
A-hydroxyutyric acid is attacked and the other does not ivhibite
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Fig., l4a Ky for g-hydroxybutyric acid

for g-hydroxybutyric acid
dehydrogenase, DL~f=

hydroxybutyric acid Nat salt,

as stated (S = moles/l.).

DPNt, 1.0 pmoles; tris pH 8.8,
300 pmoles; crude enzyme extract
= .093 mg. protein); water to
3,0 ml, Incubation at 37° for
3min, V (initial velocity)
expressed as change in optical
density in 3 min, at 340 mu.

-2.0 -0

te)

Ky for DEN' for g-hydroxybutyric

o

3-0

acid dehydrogenase. DPN', as stated
zS = moles?l. ;

3 DL=f-hydroxybutyric

acid Natsalt, 20 |ioles; tris pH 8.8,

300 pmoles; crude enzyme extract

(= .093 mg. protein); water to 3,0 ml.

-5

Incubation at 37° for 3 min, V (initial

velocity) expressed as change in optical

density in 3 min, at 340 mu,
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As will be discussed later, the isomer attacked is most probebly the

g—iwmer.

For D= hydroxytutyrie acid K, -'s.szm‘“*;éatﬁ
For DEX* By = 40 x 1072 at 37%

§=AMINOLAEVULIC ACID TRANSAMINASE IN EXTRACTS

b=Aminclaevulic acid transaminases have been reported previously
in mammalian tismues by Kowalsii et al. (1957) and Kowalski et al, (1959)
and in Corynebacterium _d_iﬁ therine by Baglasarian (1957)s It was decided
to look for an ALA tranwnimae in extracts of Rps. spheroides aince it
was realised that such an engyme oould oontrol porphyrin fomation by
‘competing with ALA dehydrase for ALA.  In the reports mentioned shove,
transsmination was assayed hy incubating ATA plus an aaketﬂéci& in the
| presence of enzyme ard detecting any amino uoi& fomed by chromatography.
This is a relatively tedious procedure and only semiequantitative. |
Quantitative atzxdiea can be made if the mast.jmi is performed in the
reverse dirvection, that is from ¥ § «dioxovaleric acid and an amino acid,
sinos there is availlable a very sensitive and specific colorimetrio
estimation for ALA. In this way on ALA transsminese has been found
in orude engyme extracts of Eps. spheroides (Teble 9). ALl the
experiments have been performed with extracta from organisms grown
anaercbioally in the light.
Methylglyoxal which on transaminetion with an amino acid ought to
give aminoncetone 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 umoles; Y& dioxovaleric acid, 5 umoles; .
Pyridoxal phosphate, 0,20 umole; 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,
106 =
“wn
2
[- 3 .
€ o3
=
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<
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o

02 O-4
Enzyme (ms F’rok e'm)

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

L-alanine, 20 ymoles; Yo4~dioxovaleric acid, 5 ymoles;
phosphate pH 7.4, 75 pmoles; crude enzyme extract as stated;
water to 0.75 ml. Incubation at 37° for 10 min, (@—@) and

for 20 min, (0——0). Reaction stopped with trichlorcacetic
acid and ALA estimated,
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desoribed in Table 9 was performed with methylglyoxal instead of
Y § ~dloxovaeleric scid,

TABLE 9
- ALA transaminage sctlvity in extraots

Assay: amino acids, 20 pmoles; Y6 -aiomamo acid, 10 umln:.
phosphate buffer s 7.4 or 8,1, 75 ymoles; ensyme - crude oxtract
undialysed (= 0,51 mg. protein); water to 0.75 ml. Incubated

at 37° for 1 hr.  Reaction stopped with trichloroacetic acid and

ALA estimated.

Amino acdd B ALA

| pmolen/assay

Q-Ghiamic aocid Tob » «0104
Lrflutenic acid 8.1 40096
IrAspartic acid ‘ Tl «000
IrAspartic acid 8.1 «000
g-m.anino ' Tels 2076
L~Alanine 8.1 2052

The producticn of ALA as a funotion of time has been studied
(Fig. 15). A boiled engyme control gives no ALA, and sbsence of
pyridoxal phosphate does not decrease the aotivity.

The anount of ALA produced inoreases linearly with increasing
amounts of ensyme (Fig. 16). .

Pig. 17 shows that concentrations of T -dicxovaleric acid greater
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Fig. 17 I;—Alanine-ALA transaminsge: effect o
subgtrate concentrations

varying the

L-alanine and Y&-dioxovaleric acid as stated. Phosphate
TH 7.4, 75 umoles; 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 ymoles (@——@); 10 pmoles
(0—T); &4 umoles (¥—x).
03 r

[\ i | i

| 1 )
57 61 65 69 73 77 8-

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

L-alanine, 10 umoles; Y&-dioxovaleric acid, 1 pmole;
Phosphate pH as stated, 75 umoles; crude enzyme extract
(z O.4 mg. protein); water to 0,75 ml, Incubated at 37°

for 20 min, Reaction stopped with trichloroacetic acid
and ALA estimated.
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than 2 ymoles/assey inhibit ALA production. Increasing the

conoentration of Lealanine is not inhibitory. In most of the

experiments to be desoribed on the L-alanine-ALA transeminase, Lr-alanine

has been used at 10 MQ/W. and Yeedioxovaleric acid at 1 jmole/ansay.
The pH optimum 'crvtho E-»danim-m transaminase is 7.0 = 7.2 (Fig.18

The product of transamination between Y5 ~dioxovaleric acid and
Le-alanine has been assuned to be ALA on the basis of the colour test of
Mauserall & Graniok (1956) = the spectrum of the coloured product being
identical with that of gemiine ALA.

A large scale incibation was done with Yj-dioxovaleric acid sand
Lralanine, with and without engme.  After remcval of protein and aalt
the residue was mtographod in tutanol-scetic acid-water (60115125
by vol.) and electrophoresis on psper at 2500 V. also performed. On
treatment with nirhydrin a yallm spot corresponding to ALA was found,

In the contyel, not containing engyme, a faint yallow spot was also found,
Bimilarly alanine has bem detected as the pm&xet when ALA and pyruvate
are incubated with the engyme. . No alanine is detected in the sbsence of
engyme.

‘ Attempts to measire the reverse reaction quantitatively by
ostimating disappearance of ALA have not been‘ sucoessful, The amounts
of ALA disappearing were too low to measure acourately. This remilt mey
iuply that the equilibriun of the reaction favours ALA production,
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o . TAELE 10 , : K
Effect of pyruvate, methylglyvoxal and g-oxoglutarate on LealanineeALA

transaminase activity -
Assay: Lealanine, 10 pmoles; Yi-dlowoveleric seid, 1 mmele; phosphate
H 715, 75 pmoles; additions as stated; mw,‘- crude extract

(2 0.21 mg. protein) HO to 0.75 ml. Incubated at 37° for 1 hr,
Reaction stopped with trichlorvacetic scid and ALA estimated,

Concentration of , | ALA (umoles)

inhibitor ‘ ‘ : ,
o Methylglyoxal  Pyruvate a=Oxpglutarate -
(umoles)
- ) .0288 . .0%8 00288 ’
1.0 .08 L0060 0228
2.0 | 047 L0023 L0232

50 0000 0000 .0206
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' The assay ~sysm wast - amine acid,rm pml;as: Ys-ddoxovaleric acid,
1 ymele; phosghate pl 7,15, 75 imolés; cxude engyme sxtract |
(2 +54 mg. protein) and water o 0,75 ml.  Incibation was at 37° for 1 hr,
The ardno acids gave the following amounts of ALA: eiprossed s
pemcntage of- 'the amount formed !‘xm;-alan:mu D-nlanine, 74%;
Beslantns, 217; Leaspartic acid, Lrglutanio actd, Leothionine,
Irmothionine, Lephenylalanine, and L-threonine « all 7 - 10%  Wnen added
‘at a ooncentration of 10 ;m\olas ‘bo a syshm fomulg Am in the pressnce
of .'}.O umoles of Lealanine the only amino ‘acid which inhibits h
L-glutmio a.ci.d, the activity bad.ng 72% of the contxol.

Pyruvate and nethylglyoxal strongly inhibit the Lralanine-ALa

transam:lnaee at low concentration, while geoxoglutarate has little
effect (Table 10). Pyruvate is a product of the reaction, and methyl~
glyexal is an analogue of Yi~dioxovaleric acid, and as described
previously excess Yi-dioxovaleric acid almo inhibits (Fig. 17).
Solutiona of methylglyoxal, on standing, are oxidised to pyruvic acid,
The methylglyoxal solution used in the sbove experiment was titrated
sgainst sodium hydroxide using phenolphthalein as indicator and found to
contain 0.026 pmale- of pynwie acid/imole of methylglyoxal, This shows
that the irhibition found for methylglyoxal 1s geruine and not due o
the pyruvic acid present. Aminoacetone at a ooncentration of 0.6 pmoles
in the above assay system does not inhibit ALA production, The mathod
of estimating ALA in the presence of aminoacetone is to form the pyrroles
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with acotylacetone es in the methoé of Msuzerall & Cranick (1956),
then adjust the pH to 8 and extract out the meutral pyrrole
formed from eminoacetone with ethers The pyrrole from ALA stays
inthammsphaseamcmmbeuﬁmtedintheumalmy‘
- Crude engyme extract prepared in tyds buffer instead of in
. phosphate gave a low. yﬂm—m transaminase activitys The activity
was increased by dialysis against phosphate buffer.. 10 umoles of tris
buffer pH 7ek4, when added to the standard assay system desaribed in

Table 10, inhibited the resction, only 3% of the ALA fourd in the
control being formed,

i~» D=» and fehlanine are the only three amino aclds tested which
Maminate with ¥ §-dioxovaleric acid at an apprecisble rate in the
presence of crude ensyme extrect. It was of interest to see whether
more than one enzyme was involved, ‘

Partial purification of the orude enxyme extract, first with mw12
to remove rucleic aoid, then by (Ni,),80, fractionation at W07, 60%, 80%
and 1007 saturation showed no seperation of the activities towards
g-alanine and P=alanine., The activities and recoveries in each fraction
were identical. However, mich of the activity towards Dealenine was lost
on purification, The results in Table 11 strongly :}.ndicata the
mmofmﬂmmummmdeenmmt Thawahaw
that Dealanins, on inoubetion with crude ensyme extreot, is comverted to
a compound which forms ALA on inaubation with Yi~dicxovaleric acid in



62

the presence of. partially purified enzyme. D-Alanine itself gives
very little ALA on inoubation with Yimdioxovaleric acid in the presence
of partially purified enxymoe,

Assay: D-slenine or Lealanine, 10 jmoles; pyridoxsl phosphate, 0.1 jmole)
phosphate pH 7.k, 75 pmoles; orude engyme extract (= 0.23 mg. proteinm);
and water to 0,55 ml., were pre-incubated at 37° for the times stated,
Mixtures were boilsd for 3 min. and the protein precipitates mnoved by
centrifugation, To each sipermatant was added Yé~dioxovaleric acid,

1 mole, and 0,1 nl. of the coubined 40 = 60% and 60 = 807 (N, )80, |
freotions (prepsration desaribed in text). Incubation at 37° for 30 min.
Reaction sﬁcmea with trichloyoacetic acid and ATA estimated,

‘Subnmte‘ . Time of pre~incubation (min,) ATA (pmoles)

D-Alanine | » ’ Loz

L-Alanine » +0181

DeAlanine ) 0029
0 .0189

L-Ahni.m

bamm-m tra.nmimae activity has been assayed in crude engyme
extraota rrcnn organisms grown under different conditions. The remilts
will be described in the appropriate section. The atandarflaswvam'
used was L-alanine, 10 umoles; Y&-dioxovaleric aoid, 1 ;.mla;‘ phospha te
wffer pH Tob, 75 pmolen; orude enzyme extract and water to 0.75 ml. }
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Fig., 19

10 20 30 40 50
o-keloacids ( }m\o\ esl ac.sqth

Effect of a-ketoacids‘on ALA synthesis

. Glycine, 25 pmoles; sodium succinate, 25 umoles; CoA,

0.05 umoles; ATP, 4 umoles; pyridoxal phosphate, O.,1 umoles;
MgS0) , Oe5 pmoles; GSH, 2.5 umoles. Fhosphate pH 7.4,

75 umoles; crude 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 min. plotted.

.Pyruvate ¢ @; a-oxoglutarate O—0; oxsloacetateo——a .
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incubated at 37° for 15 min, Remotion stopped with trichlorcacetic acid
end ALA estimated. Specific aotivity is expressed as umoles ALA/mg.

protein/15 min,
sible role of tone and ALA trar e
control of porphyrin synthesis

| If Lealanine~AlA transaminass is astive enough to control the amount

of ALA available to form porphyrins in whole organisus, then on addition
of pyruvete to a system forming ALA in the presence of crude ensyme
extract, same of the ALA ought to be removed by trenssmination. The
remults of such an experiment are shown in Fig. 19. The rate of
mﬂwd:ofﬂ&mmtlmmrmmm but the percentage
inhibition by the a-ketoacids was approximately the same at both 45 and
90 min, and the average value is shown. The inhibition by pyruvate
48 what would be expected if ALA were being removed by transemiretion,
but as reported on p. 60 . there uaﬂyamkg-gmtmm acid=ALA
transaminase activity in crude engyme extracts. The addition of
Jrelanine (20 ymoles) does not inhibit ALA production, end when added
with pyruvate does not morse the inhibition caused by pyruvate.

Aminoacetone (1 umole) added to the mystem for ALA synthesis under
' the conditions described in Fig. 19 does mot dmhibit the reaction.

As found with the ensyme from liver (Gibson st al., 1955) ‘and the
one from chicken erythrocytes (Granidk, 1958), amincacetone 1s mot a
aibstrate for ALA dehydrase and at a concentration of 40 imoles in the
ntandnzﬁ assay aystem (described on p. 20 ) does not inhibit porpho-
bilinogen production, | ’ '
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THE ROLY OF BIOTIN IN FORFHYRIN AND BACTERTOCHLOROPHYLL BIOSYNTHESIS

| ‘Lamabliavu (3.9‘55)1::‘;»:%& that when W; after M,‘
were ﬁlaminats& in Mixmro I, containing a-—omglutamta and glyd.m
(empos:l.thn of M.‘.xbzre I 1is given on’ pe 17) froe mrpb.yrin aoamlatod
in the md:hnm ’I‘hin porplwﬁn was maﬂ.nly mmpo:q:t\vrin, but contained
some umpor;myzdn. I the orgmimn were grown in a medium deficient
in nimt:u:ia wxd, thiamina, or biotin (the cnl.y hires sssential v1m~ |
forthemthomemﬁnmfomﬂcn |
ﬁlumimmn in Mj.xmre I unleu the &oﬁcient tactor was aﬂdbaa
Dcf:loient orgunum formed porp}vrin when ﬂlmimm in a nodim
| oontainingm (mmm II) at the mmteummlorganimmﬂn
abumc of adﬂad vitam:l.n. These resilts dnd:!.catcd 't;ha.t the pro&wtion
of ALA, not its utilisation, was being hlocked in vitamin deficiency.
 Lasoslles (1956) thought that deficiency of nicotinic acid and thismine.

could block the conversion of a~oxoglutarate to siccinyleCoA, but offered
no explanation for the role of biotin, It was thought that bietin might
be involved in #he actusl condensation of suosinyl=CoA and glycine to
form ALA,  Since relatively little is known about the properties of
_ the engyme mdvod in thu wnﬁmuﬁon, ﬂut is ALA synthetase, it was
deocided to invutigate the rola which bintin pllyad in poxp!wﬂn
momthms. |
Lasgelles' (1956) findings with bietin deficient armim havo
been mnﬂ.md and emndcﬁ (Table 12).
Formation of porphyrin by biotin deficient emanim from moeimt‘
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Effact Effect of ‘bmtin deﬁciew ' n_po m " production

Orgmim whinh had baen groun aemhioally 1n the aark in the premnce
of' 5.4 x 10 91& biot:m were hamsted ani :ulumimted, fm the m&ia '
atatad, under atandard conditions far 24 hr. Biotin whsre added 15

l»xlo'al.!

Hedium - 'Bintinw'> ' Porphyrin (umoles/nl.)
Mixture I - C oW ‘ » . . 50, %
vixture I8 - 6.6
Wixtre IS o e 26
Mixture IT e - 335
Jidsture 11 o T

a.nti g’!.yaim ('«Axmre IS) elao z'oq.xima the add.mn of biotin ’ éince
mcoimtc and a-omglutamta are comrted to ameiml-coa 'by tw
dirfemnt enzymes, nei.ther of which is a b:}.otin enzym, fhi:s :'asalt
mld :’md:lcate the probabﬂity that the s‘t:cp \vhid'x mquirea biotin 1:
the ALA, vnthu:ta atep.

" Vhen normal organisms exe  11luninated in Mixture I, growth and
hamrioohlomplwll gynthesis ocour. Biot.in was x'eaned for growth
and bo.oteriochlorophyll synthoais when biotin deficient organim were.
 11luminated in Mixture I or Mixture IS (Table 13)
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TABLE 13

Biotin requivement for and and bacteri 11
W—W A o -

Aombioa:uy growm blotin deﬁcicnt organim :nlumimhd, in ths

medim sto.tad, under standard conditions for 2, hr, Bibtin, zp x m‘au

added, where stated. Baoteriochlorophyll aaﬁmte& by the mﬂmd of
v.m Niel & Arnold (1938).

Hedium Biotin  Dry weight of  Porphyrdm  Baoterie-

Grwd)  afa)  (wmsloyal) (mmoleyals)
Mixture I - L.43 S A
Mixture I + . 264 . 49 = 7.9 -
Mixture IS = = 1.08 L2 076
Mixtare IS . 238 3T b
Noreinwubated 116 © 1.6 0.0

control

No growth or b@ctmoehloiophyll synthesis ocours on mﬁimtion
in Mixture II of nomsl or biotin deficient organisms. |

Aercbically grown organismms contain very little bacteriochlorophyll, ’
and Lescelles (1959) reported that adaptation, involving protein
syntheais, was required before aerobically grown organimms formed pigment
on 11lumination, Since biotin might be involved in this adaptation
all further work has been done with nommal and biotin deficient organimss
grown anaercbically in the light, It was fmmd that addition of |
btotin to biotin deficient lightﬂm organisms is required before
growth and porphyrin end bacteriochlorophyll synthepis osour (Table 14).
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Requirement for biotin of biotin deficient ansercbloslly prown organisss
Normal or biotin deficient organisms grown anasrcbicslly in the light
with the biotin concentration stated, illuminated in Mixture I unier
standard conditioms for 23 hr. Biotin added where stated,

Biotin in Added b Dry weight of FPorphyrin  Baoterio-

growth medium (8 x 107%) organd.mms {ymmoles/ml, ) 11

o ~ (mg./ml.)  (jumoleg/ml.
sx078y 0 . 2.2 13.1 1.2
bx108g) «  ma . 93 12.6
2x20°%) 0 . s 38 2504
2x20°%) + 225 9.6 420
8 x 10~1% R L0 N T ¢ X1
8 x 107 e 226 B 353
4:10“3 0L - - 6.99 : 0.0 : '25-9

= )
2 x 1072 ) nated - 0.9 0.0 25,9
controls = * S

8 x 10730 - 09 a0 192

Reduoing the biotin content of the growth medfum reduces the yield of
organimns cbtained, 1In addition it z'e&ces the pignmfo.tion of

the organisns (Taile 15)e ‘

| However, organimne whose growth and p!.mmtatién are not reduced
may still be biotin deficlent in that they moed blotin to be addsd
before they grow, or form porghyrin and bacteriodﬂerapbyn‘ when
'$13uminated in Mixture I. The organisms used in the experiment reported
in Teble 14 all gave the same growth yield and as can be seen in Teble 1



All cultures grown anaercbically in the light;

B=hydroxytutyric acid dehydrogenase p. 49 ;

getivit

TABLE 16

n riomal and biotin

f'i‘en'tuclle

a P

‘ biotin concentration in growth medium as ataﬁd,
Assays for ALA syntheiase ps 19 ; ALA dehydrase p. 20 ;

| threonine dghydtogenase pe 47 ;
yalanimwm transaminase pe 63 o

extracts used in all assays. Experiment I was performed with extracts pmpared by ultrasonic
disruption, the others with Hughes Press ext:mcts.

Exp.

“fgEHHEHERR R

Biotin in

l:-xlo’eg

8x 10“1°§
2 x10"10y

uxwﬂg

8 x 10"'39! |

kxm"'mll
hxm“ag

8 x 10"101

2z10"‘1°ﬂ
a:,zo*eg
6:10‘395
&4 x 10-5u

'8:10'405.

AIA

ALA

Engyme activiﬂes
gmolu prodncf/mg. protein/hr, xmoles DENY/mg, pmoles ALA/mg.

Threonine

gynthetase dehydrase dehydrogs.

072 (100%) 028 (100%)

+OU8 (67%)
0l1 (5%)

.028 {100%)
.028 (100%)

+288 (100%) (053 (100%)

J19 (67%)

T 150 (5%%)

«172 (100%)
-088 (51%)

. «072 (42%)
«265 (100%) |

121 (46%)

051 (96%)
047 (89%)
.118 (100%)
<099 (84%)
075 (67%)

-
-
-

+093 (100%)

»319 (128%).

171 (184%)

<097 {100%)

098 (101%)

-

~ protein/min,  protein/l5 min,
S-Obi-butyric  Alenine-ALA
dehydrog. transamivase
o 142 (100?5 -
<162 (1) -
+225 (158%) o=
172 (200%) +126 (100%)
.21 (122%) <150 (112%)
- +094. (100%)
- 091 (97%)

Crude enzyme |

~69-
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the organismes grown with 2 x m‘{g biotin have the same bacteriochlorophyll
content s normel organiems.

The &mims w’!x'b grown amémbioaily in the 11@\1: :Ln Medimn 8 with
the concentrations of biotin stated. Eatimtims as described on pe 185

The msults are the averaga of two upement-.

Biotin ~  Dry mght of  Dacteriochlorophyll  Carotenoids

pmmoles/mg. dry wt Hge/mgs Axy Whe
ng./nl. of culture ,
Iellow Red.

Lx10® 0 nm 239 3.09 1,99
8 x 10 mm Lo 16,7 1,63 1.28
L x10 mu 0,80 o ma L4 1.16
Enzyme aptivities in collefres extmacts of le’énd-
- biotin deficient organisms

. To investigate the problem further, engyme extmétq were made fram
novmel organimns end organisns grown wnder ddentical conditions exaept
_that the biotin in the growth medium wae reduced. These extraocts were
assayed for ALA eynthetase, ALA dehydrase, threcnine debydrogenase,
p-hydroxsbutyric acid dchydrogenase end Lealanineeild transaninass
(Table 16).

_ ALA synthetase is the only engyme whose speodfw activity is
eonaistanw retmced in biotin def‘icienq ALA dehydirase is mtinel
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Effect of illumination in Mixture I on ALA synthetass and other enzvme sctivities
Organisns, previcuély grown anaerobically in the light 4n the presence of different bilotin
uoncentrations, wem 1luminated at 2 mg. dry wt./ml. in Mixture I at 34° for the times stated,

with or without added biotin, Organisma hmgsted and enzyme extmcts‘ made.  Assays of enzyme
aetivit;ies in crude extracts as described in Table 16, o

 Exp. Biotinin  Biotin added to = Time of Enzyme activities

growth mediun  illumination  ilwedmation = o0 o¥/ng.  pmole DINY/mgs
(4 x 10‘8?;5) ‘ (hr.) " protein/hr. protein/min, .
' ‘ T OATA Threonine P=OH=butyric
| gynthetase dehydrog, . dehydrogs
I b x 10’81_43 - 0 . 326 »117 «165
I axloeBy - e 102 - 072 AL
1 6 x 10~10y - 0 210 L153 ,206
I~ 6x30-10k - 20 WI% CW197 0 .289
I 6 x Wlom . — 20 12 <081 «093
o 4:19‘5;4‘. - o 242 . 082
II 4x 10'3M \ - 20 " 054 .098
I 6 zm*log e 0 22U 128
II- 6 x10710g - - +118 170
I 6x107Wx . 2 o6 ° g
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reduced in extreme deficiency. Both threonine and ﬁ-wtym acid
. dehydrogenase are inorsased significently in biotin defiociency, and
Leslanine-ALA transaminase activity is not affected. Extracts prepared
by ultrasonie disruption give lower act:l\d.ths for ALA gynthetass and
m«mmm»mwmwumm - m:'eunnror
the Gifferences in shsclute activities of AlA synthetase in different
experiments is not known, but the constancy of the ratios in extracts
from nomnal and biotin deficlent organiams intieates that the reductions
in ‘biotin deficienay are aignificant, .

The ALA mynthotase activiw in extracts frcm 'biotm dafioiant
urganiuna ocould not be inoreased w by addition of biotin, bs.cﬂ.n
plus ATP, or bo.'aod extracts of normal amim .

A1l attempts to purify ALA synthetase failed, If purification had
beon abtained the preaome or sbaence of biotin as a amnpnmnt of the
engyme could hava been determined. '

‘ . As described above, illumination of biotin &aﬁcient cr@n:lm in

* Mixture I plus biotin resilted in growth, and porphyrin and bacterio-
chlomphﬁl mmthesis. If the synthesis of pignents is being stopped
by the deficiency of ALA nynthetaée, the response to Meti.n should be
acoompanied by an incxease in ALA gynthetase aet:ivity.‘ In the
experiments desoribed in Table 17 no increase in ALA synthetase sctivity
can be demonstrated when bilotin deficient org.mim are illuminated in
'mxmmmmwb&am |

'I‘ho level of ALA gynthetase in mmal ormims falls on _
mumamuoz; as does that in biotin deficient organiss, The results



-

oli8 r

Fig. 20

o5 10 -5 2.0
AviDin (un'\\".-'.)

Effect of avidin on ALA synthetase activity

Assay from succinyl-CoA and glyeine, exactly
as described on p. 19. Crude enzyme extract
containing approx. O.3 mg. protein used.
&————@ avidin 2.5 units/mg. protein

O—————0 avidin 4.9 units/mg. protein

Y avidin 9.6 units/mg. protein
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ghow that the response to biotin docs not appear to involve an inoruue‘
in the activiﬁy of ALA synthetase. In biatip deficlent organim
illuminated in the absence of biotin the threcnine. and ﬂ*hyﬂmxymtyrio
acid dehydrogenase activities incresse; on -addition of biotin these
activities fall. | o
Eﬁ‘e&t of avidin on ALA mﬁm A

A commercinl p'réparation of avidin (2.5 unitq/mg,} protein), was
tested for its ability to Inhibit AIA synthetase activity in crude enyyme
extracts, - A marked inhibition was obtained (F‘ig. 20).  The effect
appeared to be speciﬂq, Other egg-white proteins = 0va1hvmm, ovomucoid
and lysogyme = dié. not inhibit when used at the same concentretions as
avidin, The avidin did not inhibit threonine dehydrogenase, por did it
interfere with the colorimetric estimation of ATd,  Avidin, pmmaﬁd
. with excess biotin, under a variety of conditions, still inhibited the
' cnm This was mrprising sinoe the avidinebiotin oomplex does not
irhibit other biotin containing ensymes under coniitions where avidin
1teelf inhibits, Avidin irhibition oould not be reversed by having
excess miioqi:m.ﬂoﬁ » or exoeéss’ pyridoxal phosphate present in the assay

The contradiction was resolved by using purer avidﬂ.ﬁ, 4e9 unity/mg.
 protein an& 9.6 unitq/mg. protein. ‘The mample containing 49 unﬁ.tqug.
still inhibited (Fig, 20) but the q!mnti‘ta requma for 50 inhibition
was twice that of the cmema.al avidin, and avidin, 9,6 unite/mg did
not inhibit ALA synthetase activity. This avidin, containing 9.6 unite/m
_of protein, is approximately 80% pure. = This estimate is based on the



TABLE 18
- Properties of nicotinic geid sand thiamine deficient 'orga:aisn#

A1l cultures grown ansercbically in the light as on po 15, Levels of vitamins as stateds

Vitamin Conce in Dry weight of Bac}teriedulcraphyl}. - Enzyme activities
\ , growth medinm organiszmg . 7 .
' | pmmol 1 du D
| mg/ul, of culture MUEOles/mg. dry wh, ey da 'cvma- pmoles mljrwng.

. ALA . Threonine P=OH-butyric
synthetase dehydrog. dehydrog.

Thiamine 3x1070% 1.39 . 19.8. o328 o7 127

Thiamine | 10-8y 0.85 ~ 173 W22 090 36 Y
Thiamine . 5x 10"'9;5 , 0. 76 130k Lo .088 0132 2
Thiamine 2.5 x 10774 06l - | 156 .076 135 |
Nicotinic acid 8 x 1078y L3 218 o348 072 .18
Nicotinic ecid 45 x 107 Q.89 1844 oL +053 .051
NMcotinic acid 1.5 x 10"y 0.39 - +180 . 048 091

Nicotinic acid 5 x 1070k 0.21 - .052 <072 074



purest preparation of evidin which Dr. Green has cbtained, which binds

3 molecules of biotin per molecule of protein, and which he .magea, on
“the evidem availsble, to be pure avidin, | |
| | Those remlts indicate that it is some other egewwhite protein, not
avidin 1tself which is irhibiting ALA syntbetass, sni that ALA synthetase

“is not a blotin angyme.

Levels of enzymes in other deficig_ggz mnﬁiw |
Since ALA synthetase does not am to be & biotin engyne it was
| decided to mes if ALA synthetase activity is reduged in other growth
coniitions, which are unfavourasble for bacteriochlorophyll synthesis.
Organizns grown aercbically in the dark contain 1ittle pigment and the
activities Aof ALA mynthetame and ALA dehydsuse are only a quarter of
" those in light grown organisms (Lascelles, 1959)s Organisms grown
ancerobically in the light under oonditions of nicotinio acid cor thismine
deficiency or where melate in the growth medjum is replaced by acetate
do not grow well and their bacteriochlorophyll ccatent is low.
Organisns grown undex these conditions have been tested for verious A
engymes {Tebles 18 and 19). Acctate grown organisms are very pocrly.
pigmented, being more closely releted to organisms grown sercbicslly
in malate medium then to ones grown anaercbically in malate medium,
Under all these conditions which are unfavarable for bacterios
chlorophyll production ATA synthetase ectivity is significantly reduced.
ALA dehydrase aétivity is reduced in acetate grown orgamiams, but it
has not been tested in nicotinic acid or thismine deficiency. The other
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engymes tested are not affected, The ALA siynthetase activity appesrs to
be related to the ability of the orgenisms to produce bacteriochlorophyll,
and the reduction 1s not specific for biotin deficiency.

TABLE 19
son of en activitiea in ana . anaerob
. e licht te and in ncetate

Urganisms grown anaeroblically in the 1light exactly as described on

Pe 15 and 16,
Substrate Engyme ectivities
pmoles product/mg, protein/hr, meles DENY/ pmoles ALA/mg./
mg, /min, 15 min,
Ata ATA  Threonine AOH-butyrio ALA
synthetase dehydrase dehydrog, dehydroge transsminase
Velate  .326 . .099  .089 .188 103

hcctete  .035 . .0 087 a6 W04

The other major pigments of these crganisms, the carotenoids, are
closely related to bacteriociﬁompﬁyli 15 th;t conddtions which reduocs
the comentmﬁon of one pigment, reduce that of the other (cf, Table 15).
Those pigments are known to be contained in the chromatophores, the
intracellular photosynthetic particles, It was thought that some of
the unfavmr;xble growth ecnditions might be inhibiting chromatophore
synthesis and s0 indirectly inhibiting pigmant; synthesis. Fhotosynthetic
particles were therefore isolated from noxmal and biotin deficient ‘
organiems b& the method of Newton & Newton (1957) end various camponents
‘estimated by the methods reported by Newton & Newton (1957). Frotein,
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bacteriochlorophyll, carotenoids, carbohyirate, total haemin, total
phosphate, lipid phosrhate and total inorganic iron were estimated.
Expressing the rcsultis per mg. of protein, the only ones which were
reduced in biotin deficlency were bacteriochlorophyll and carotencid.
Thus blotin defliclency does not sppear to be inhibiting chromatophore
gyntheals by inhibiting the gynthesis of one of the campouents other than
the pigmente. ‘

The phytol group in the bacteriochlorcphyll molecule is very
eimilar structurally to the carotencid molecule (Figs. 2) and both axe
probebly synthesised in vivo from mevalonic acdd. If mevalonic acid
synthesis were blocked under deficiency conditions bacterioshlorophyll
and carotenoid synthesis would be inhibiteds Ons of the two known
biogynthetic pathways leading to mevalonioc acid, that from leucine
(the details of which have been worked cut by Bachhawat, Robinson &

Coon, 1955) is imown to require biotin for the carboxylation of
Bemethyl crotonyl=GCoA to S-methyl glutaconyle=CoA {Lynen, Knappe, Lorch,
JUtting & Ringelmann, 1953).

Addition of mevelonic acid to biotin deficient organisms did mot
relieve the deficiengy. llowever, l"b-mwalonlo acid was not inooz:pemto&
into bacteriochlorophyll or carotenoids, possibly because the cells
are impermeakle to mevalenic acid. '

THE EFFECT OF ETHIONINE AND THREONINE ON I’ORH&RI!‘! AND BACTERIOCHLOROFHYLL
SYNTHESLIS

In early experiments protein syntheais inhibitors were tried to
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see if they could inhibit the response to biotim. The ocompounis used
were DL-p-flucrophenylalenine, B-azaguanine, S-bromcuracil and DL~ethionin
The first three were partially suocessful in stopping growth and
porphyrin and bamochlox-aphyn gynthesis when added with biotin to
biotin deficlent organisms illuminated in Mixture I, In the presence

of gI.'-cwiouine, although no growth or baoteriochlorophyll synthesis
oomuxred, a large amount of fxee porphyrin accumilated in the medium,

This effeot ocourred with ethionine even in the sbsence of added biotin
(Tsble 20).

Aexcbioslly grown biotin deficlent organisms were illuminated under
standard conditions in Mizture I for 26 hr. Mmuomphewhhnme end
DL~ethionine 1072K and biotin 4 x 107K added where stated.

Additions Dry weight of  Porpiyrin Bacteriochlorophyll
: organisms :
pmmoles/ml, pmoles/ml,

ng. /ml, A
p-Fluorophenylalanins 0. 60 39 7.8
Ethionine 1,26 30,5 A :»7.6
Biotin ‘ 3.2 he9 38.6
P-Fluorcphenylalanine e 54 bely 10.5

+ Dbilotin ‘ ‘

Ethionine + biotin 1.26 29.0 6.6

Non=incubated contrel 0.96 1.1 he9



%-Ethionm gave the same effect when added to biotin deficient
organisms illuminated in Mixture I, Mixture IS or Mixture II (Table 21).

_ - TABLE 2
Effect of %thionim on illumination in different medis

Aexobic grown biotin deficient arganimmss illuminated under standard
conditions in the medis stated for 22 hr. DL-Ethionine m‘zg; biotin
L x m’ag where added,

Medium  Additions  Dry weight of TForphyrin Bacteriochlorophyll

organiems ‘

mga /il prmoles/ml, M‘!’ﬂ
Mixture I None 1,00 1.3 41
Mixture I Biotin 2.73 33,8 12,9
Mixture I Ethionine 1.20 A 3.6
Mixture IS Nome 0,87 = 36 7
Mixtre IS Blotin 186 = 28,2 81
Mixture IS Ethionine L17 32 %6
Mixture II None 0.87 © 1.8 | 2,3
¥ixture II Biotin 0,85 0.7 1.2
Mixture II Ethicnine 093 38,1 2,9
Noneincubated control 0093 L5 18

The offect of sthionine in the ALA mediun was found %o be different
from the effect of ethionine in Mixture I and in Mixture IS, As will be
disoussed later the effect in Mixture I is spooiﬂa for eothionine, while
in Mixture II other oompounds related to ethionine - methionine, |
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o | | TABLE 22 ,
Effect of sthionine on normal and biotin deficient organisms

Anaercbically grown organisms, grown in the presence of the amunts of
biotin stated, illuminated under standard conditions in Mixture I for
20 hr,  [r-Ethionine 5 x 1074 where added,

Biotin in ‘Dry weight of Porphyrin Baotoﬁg;hlm-

: Addsitions
growth medium organisma :
(unnoles/mls)
(mg. /ml. ) (1mmolen/ml, )
4 x 20™% None 2,22 13.2 17.6
4 x 207 Ethionine L5, 57.6 Goly
2x107%  Nome 0,84 48 8,0
2 x 10°% Ethionine L0 5303 6.7
8 x m’mg  Nonme 0,72 3:6 o7
8 x 10"% Ethionine 1,26 32,7 4O
4 x 107 ‘Nons 0.63 1.8 36
4 = 100 Ethlonine 0.5 6.3 2.1
4 x 1073 ) 0.93 00 12,2
2 x 10°% Non-inaubated 0,87 0.0 w7
8 x 107 controls 0.93 0.0 8.0
4 x 107 0,87 0.0 33
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hmocyatém, cyeteine and glutathions pgive an inoreass in free porphyrin,
All further work has therefore been done on. the ethionine effect in
Mixture I, | |

The absorption spectzum of the parphyri.na acaumlating in the
presence of ethionine 1s identical with that of pozz:!\vrins aocumilating
in its ebsence over the range 355 = 610 my. |

At this point the usse of aemiaioally grown mfgainim m
discontimed for the reasons stated on p. 67 and all further work has been
done with organisms grown ansercbically in the ught.

The effect of ethionine on anasrobically grown organisms :Ls the same
‘as that described for aerobically grown orgenisms. Thia can be seen in
Table 22. The effect of ethionine in premoting acoumlation of
porphyrin decreases ﬁw‘ greater the degree of biotiu deficiency of the .
oraani.ma. | | | | | |

Lascelles (1956) abuua that nicotindc a.aﬁ and ﬁ:msm aaﬁcum
organisms were aimilax to biotin deﬂoient ones in mt foming porphyrin
in Mixture I unless the deficient factor was added. mnEthienim has
also been shown to give porphyrin synthesis, but no growth or bhehrio-
ohlorophyll synthesis with niootinic acid and thisnine deficient
organisms in the sbsence of added vitamin,

As can be seen:lnmgu. 2la and b, m.-ethionim, when added to
notmal organisms illuminated in Mixture I, completely -wpg\bnaterinf
chlorophyll and csrotencid synthesis and only partially stops growth,
The amount of free porphyrin accumilating in the presence of cthiqaml
is greater by e factor of two than the sum of porphyrin and bacterio-
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Fig. 2la and b Effect of IL-ethionine on growth, porphyrin
bacteriosl_llorqphyll and caroitenoids

Organisms, previously grown anaerobically in the

light, illuminated at 2 mg. dry wt./ml. in Mixture I,

Fig. 2la no addition; Fig. 2Ib plus L-ethionine 5 x 1077M,
Samples removed at various times and estimated for growth
(&——=e), porphyrin (0——0), bacteriochlorophyll (¥——=xX),
and carotenoids (6—o) by the methods stated on p. 18.
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chlorophyll formed in 4ts absence, = This is a reproducible feature of -
ethionine action, having been noted in other experiments not described
here. In many experiments the difference is thxee or four féld inatead
of the twofold difference desoribed in Figs. 2la and b, Ethionine '
seems to be stimlating porphyrin excretion, the porphyrin formed being
more than that expected if all that was happening was & block in bacterio-
chlorophyll mynthesis, This appavent stimulation 4s also evident from
the effact of ethionine on vitsmin deficient organisms, which do not form
uwymﬁmhumhmﬁﬂmﬁmm@wlﬁnmoammwofﬂmwum-

%—Ethionim ttimla‘bas porphyrin mthesia at a conoentration of
207% (Table 23), 1In this experiment the amount; of porphyrin formed in
the presence of ethionine 1s also greater thanthe amod’mrplm‘mmd
bacteriochlorophyll formed in its abaence,

TABLE 23

Erfggt on dﬁ‘famnt ccmenm g M 1_:___'h:;_¢_

Ansercbically grown organims were mumimtudin Hixture I for 20 hr.
under standard conditions. DL-Ethionine added as stated,

. (ummoles/ml.) - (mahq/ul.)
5 x 307 67.8 12,3
1073 95,0 15.8
5 x 1074 80,0 16,3
10=h 19,0 2%.8
- 5.7 26,7
Non=illuminated 0.0 13,0
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| At low concentrations of ethionine, although porphyrin accumilation
is still stimdated, some bacteriochlorophy)ll synthesls ocours.
. The effect etgrband DL-eﬂzionine hava been taaud‘ All three
repamticns give porzhyx‘in aocm:ulauon. . The ra‘b:loe of activ&ty
| LiDLiD 1; 205112100, |

A rmber of oompounﬂamlatedmmm to ethicnine were tested
for an ethionine-like effect on porphyrin and bacteriochlorophyll when
added to organimms illuminated in Mixture I under standard illumination
conditicns, A1l the ocompounds were tested at a oonaentrationof
betwoen 102 and 10", The compounds tried were DL-methionine,
I{}&:—Maﬂm, DL-homocysteine thiolactone, L-cysteins, reduced
gitathione, ani L and D-penicillamine, all silphurecontaining compounds:
choline, betaine, formaldehyde, DLeserine and methanol, all compounds
capable of ylelding biologically active one-carbom fragmentas; %—
norleucine, which like ethionine is knowmn to be a methionine antagonist;
(Vaughen & Steirberg, 1959); aoetic acid, acetaldshyde, ethanol,
~ Leaspartic acid, L-asparagine, %—tyroaina", L-giutamdc aeid, L-glutanine,
DL-alanine, DL-tryptophan, DL-threonins, Learginine, pyridoxine,
~ pyridoxsmine and S-hydroxybutyric acid and amincacetone.

~ Some of thess compounds slightly stimilated porphyrin production,
some slightly deprossed it, and others had no effect at all.  The only
one which hed a msrkod effeot was DL-threonine which stimilated pmhym
wumﬂationﬁoalmutﬂm meemntaadidothtmlmandthhaln
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stopped. bacteriochlorophyll synthesis (Teble 23),

Ansercbically grown organiems illuminated in Mixture I under standaxd
vonditions for 22 hr, [L-Ethionine 107K and Dl~threonine 5 x 10™2u
where added,

Expt.  Additions Dry weight of  Porphyrin  Bacteriochlorephyll
Orgarims (i mclew/wl,)  (mmoles/al.)

I teme 216 180 362
EI %’EW, @ 952 25.6
I Di-Threcnine - 1.92 66.9 2.4
I mmm 1.10 oo 2
II  Nome o z» %2 521
I [-Ethonine. 182 Bl2 26
II  Di-Threonine = 196 580 ' 257
e Non-mwm o6 c."g’ ;3.8’

~ Some of the oumpaundsmm also @enﬂdfamaﬁwtmpmwm
mﬂmis in Mixture IL  Hethionine, ‘homogysteine, aysteine and
glutathiem stimilated porphyrin production as did ethioning. This
shows that thu cﬁxﬁ.onim afroct on po:p)wrin aynthesis rx-an a—omsmﬁnt.
and glyod.ne (Mixture 1:) is different fram that on poz-plm-in syntheeis
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from ALA (Mixture II).

The similarity of the ethionine and threonine effects is shown in |
~ Table 25 where it has been found that threonins stimilates porphyrin
profuction in blotin deficient organisms in the ebmence of added biotin,

Normal end biotin deficient (grown in 1077¥ biotin) orgenimms
iluminated in Mixture I (no (m,‘)zao&) under standard conditions far -
20 hr.  Nitrogen source as indicated (.006 k).

| Nitrogen scurce © Porphyrin (jmmoles/ml. )
| | Nomal organisms . Piotin deficient
(288,) JF0, | U o 0.8
L-asparagine %2 J 0.8
LClutanine 15,7 0.3
Di-Alanine 257 o 0.6
L-Arginine - ?.e | I
_u;xomm” s " 40 -
Dj-Ethionine . T S 49,5
- LL-Threcnine - 1220 o 9.5

In anothey experiment using organisms which were more biotin deficient
than those described above, although ethionine stimlated porplwrln
synthesis in the sbsence of added biotin, threonine did mot. Also



threonine did not glve porphyrin production with nicotinic acid or
thismine deficientl orgenimms whereas ethionine did as described onp. 82,

Whereas othionine stimilates porphyrin synthesis at a conaentration
of 107 the lowest concentration of DL~tireonine which is effective 1s.
10"."’,1_:__1. L~ and DL~Threonine at 5 x 107°M give quantitatively the eame
porphyrin production.

FPorphyrins formed on f1lumination of organisms in Mixture I in the
presence and sbsence of ethionine and threonine were extraoted and |
’dwmtognphad in the lutidineswater system of Nicholas & Rimington (19149)
No new porphyrins wers found in the presence of ethionine and threonine,
and none of the porphyrins normally present were absent. The major
porphyrin under all conditions was coproporphyrin, confirming the results
of Lasoslles (1956). In addition the speotra of the porphyrin solutions
cbtained after illumination of organimms urder the conditions desoribed
ebove were all identical over the range 355 - 610 mu.  These cbservations
show that the estimation used for poxphyrin (p. 18 ) is a valid meamure
of the guantitative differencos in porphyrin excreted in the presence
and sbsenee of ethionine and threonine. | |

Conditions required for ethionine and ihreonine effects

The effect of amitting some of the components of Mixture I or of
changing their concentrations hes been txried to see what oonditlons are
required for ethionine and threonine stimlation of porphyrin pmduoﬁw.
Xa Am!:m phosphate. The presence of (m,,).‘m’ok was found by
Lascelles (1956) to be essantial for porphyrin production. As can be
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- TABIE 26
Requirement of metal jons in Mixture T for the ethionine effect

Organisms gxmn‘anaem‘aically in the 1light were illuminated in Mixiure I
(without Mg2*, ca®" and Mn®") under standard conditions for 18 hr,  The
metals added back as stated} conoentrations o8 in Mixture I ] M‘&lionim
5x 10 31\( where aﬁﬁh&.

Porphyrin (pmoles/ml.).

None | - | 0.6
ug?t, ca®, un® - | 15.0-
None | + 87
ca?* - o + : 10,9
yn2* X : ' + - 53
ug?, ca* ‘ | 2940
nsz*' nZ* 97,0 -
09.2"', Mna" S 6.?;:

ca?®, un* 5
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geen in Table 25 varims amino acids can replace (M )ngh and the
stixmlation of porphyrin gynthesis by ethionins and threonine does not
req.xirethepreaenceof( )zr:imlF R ‘

2, Glyoine, ‘The presence of glycine in Mixture I is essential for
pommin synthesis, Very little porphyrin is mthasised‘ in ite
abaencewmwhenaﬂuoninenrthmonimmaﬂdad. | |

3 Metalg. ‘Lascelles (1956) in working cut the mxpos.ttmn of
tixture I fomd that Mg®*, Ca®* and Mn®* are all required for parphyrin
synthesise In the presemce of ethionine Hg?* is the only one required
for the stimlation of porphyrin prodzzétion (Teble 26)s

"~ Rev of & nine _threonine ef'f

Methionine and homegysteine have been found to ivhibit the
scoumlation of free porphyrin in the presence of ethionine and threonine,
and also to restore the bacteriochlorophyll synthesis (Teble 27).

As shown in Table 27 methionine ani homoqysteine alons have little
or no effeat on porphyrin or bacteriochlorophyll production and
hamoaysteine at m”u does not completaly stop porphyrin acoumlation |
in the praumc of ethionine, Homogysteins is ineffective at m’l’l.
Methionine at 10"‘E in some experiments completely reverames the
ethionine effect and 1;1 othaxrs only partially reverses it,

Homoserine (10™4) has been founl to reverse the threonine effect
under conditions identical with thome yeported in Teble 27, It inhibits
porptyTin accumilation and restores bactoriodilorophyll synthesis, The
cambination of homoserine plus cysteine which might be expected to give
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TABIE 27

Reversal of ethionine and threonine effects by methionine and homogysteine

Organisms gromm ansercbically in the light were $1luminated in Mixture T
for 21 hr, uner standsrd conlitions, DlL~Threonine (5 x 10™¥),
L-othlontre, Lemethionine and UL-homocysteins (a1l at 1072M), added where
stated, o

Additions Porghyrin Bacteriochlorophyll

(nmmolen/md. ) (Hmoles/m1., )
Nens 16,2 e
L-Methionine 12.8 538
DL-Homocysteine 158 4908
L-Ethionine me 26,4
g-Ethionﬂm + g&ieﬂﬂam 17.2 : 5le3
L-Ethionine + D-Homocysteine Bk | 5945
DL-Threcnine 710 32,3
Dl-Threonine + Leifethdonine 19,0 . 530
E:-'Thremim + gI-erqynteim 18.1 - 550

Non-inoubated control 0.0 ‘ 26,5
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homocysteine in vivo has o similar effect.  Neither homoserine (10 M)
nor homoserine (2 x 10'5M) plus cysteine {10 BM) reverse the ethionine
effect, with ethionine at 107K Hamogerine, and hemoserine plus
cyateine, have o eﬁ‘ect on pnrph;yrin ant'i baateﬁAchlorophyll gyntheals
 in Mixture Y.
| Varioﬁa relatad bouémnﬂa do rbt‘rluvem the ethionine and threonire
effeats « cysteine, homocystitie,, serine, pyruvate and norleucine, The
following heve only been tested against ethionine = choline, betaine,
gutathione, g anﬁ kpeni:ﬂllmine‘- thay are all ineffective,
Porualdehyde at 2,5 x 107K stops porphyrin acomulation in the presence
of ethionine and threonine, but 4t does not give an inorease in bacterio-
chlorophyll; at 5 x ID“‘M; it is ineffective.

Methionine in scme a;perimentn ut not in others, has been shown
t dearease porphyrin sccumilation end increase bacteriochlorophyll
synthegis when added to Mixture I,

of ethion

" Lascclles (1956) showsd that addition of Fe2* to Mixture I
deareased the amount of firee porphyrin and incroased the amount of
bacteriochlorophyll formed, The increese of bacteriodhlorophyll in the
~ presence of iram was mich less than the free pcrphyrin formed in its
abgence, The effect oft poxphyrin production of adding different apounts
of.‘?oz"' t0 Mixbure IS in the presence of different smounts of ethionine
andthmn.‘.mhs!wwnm%hha&

Organtams incubated asrobically in the dark in Mixture I do mot
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excrete porphyrins even on the addition of ethionine,

 Ethionine has no effect in oellefiree qystans on ALA synthotase ok
ALA dehydrase, and ethionine and threonine, as shown on p, 60 ,j‘h'eme no
effect on L;'alanine-m transaninase, |

Eth:l.onim has no effect on the a.co.mnla.t:ton of amimaoetone on
 i1lumination of organisms in Mixture I at low cr high buffer
concentrations, nor has increasing the btuffer concentration, leading to
aminoacetone acoumlation any effect on bacteriochlorophyll gynthesis in
the absence of ethionins, or on porzmyrin excretion in the presence of
ethionine,

Organisms grown anaercbically in the light were illuminated under

standard conditions in Mixture IS for 20 hr, Additions as stated,

Additions | '» Forphyrin {uwsoles/il, )
re2

- 0% W™ 0™
- " -
‘- 11.6 4okt 107 0.9
Di-Ethionine (25 x 1070 52,2 18,7 709 be2
IL-Ethionine (m"}g) = 512 37.5 2.7 17.6
DL~Ethionine (5 = 10~3) W6 475 ‘48,9  hB.9

DL-Threonine (5 x 10™) 50,0 = « 25 -
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THE ORIGIN OF THE METHYL EST:R GROUP OF BACTERIOCHLORCFHILL

The chlorophyll and bacteriochlorophyll molecules have a methyl
ester group on the propionic acid side chain of ring O (Fig., 2), that
is on the side chain which fomms the isoqydlie ring in the ccaplete
moleaule, Very little is known about tho biogenssls of mothyl ester
groups in nature, The engymic formation of methoxy groups and of
g—mﬂwl groups have been shown, in every case where they have been
studied enxymically, to involve S-adenosylmethionine as the methyl donors

The origin of the methyl group in chlorophyll has been studied
previcusly by Green, Altman, Richmond & Salomon (1957) who showed that
chlorophyll isolated from cultures of Chlgiells wulgaris grown in the
presence of Wo-formate was labelled in the metiyl ester group, tut not
in the rest of the molecule, |

The resilts reported in the last section with ethionine and thnonahp
siggest that these compounds are blocking the synthesis of bacterio-
chlorephyll by interfering with scme metabolic reaction of methionine,
It was thought to be important to cbtain scus remilts on the role
played by msthionine in bacterioohlorophyll synthesis, In the
experiments o be reported the carotanoids of Rps. spheroldes have also
been investigated.  The two major carotenoids, the yellow and red
carotenoids, each contain one methoxy group per molecule (Stanier, 1959)
(Pigs 2), which by analogy with other methoxy groups is probably
donated by S-adenosylmethionine,
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Experimental, Anaercbically grown Rps. sphercidesg were illuminated
at 2 mg, dxy wt./ml. in Mixture I for 18 hr. at 34° Under these

conditiens the dry weight of the organisms doubles, as does the amount

of bacteriochlorophyll andrcamtem‘.ldu (see Fig. 21), The incubation
mixture, total volune 100 nl. also oontained 10”4 g[mﬂ:yl-c“*]umm‘
(0,2 po/mole)s A control was set up baving an identical composition
but being cnly 50 ml. in volume. This contrcl was kept at 0° instead

of being Alluminated.

At the end of ﬂa i1lumination portions of the experimental and
control were removed for estimation of bacteriochlorophyll and carotenoid
by the method of Cohen-Bazire et al. (1957)s The rest was harvested,
mlhédwithmternﬂmde into a thiock suspension which was crushed
in the Bughes Press. |

modification of the method of Komen (1956), The pigments were extracted
- from the broken organimns with acetone. To the sostone extract was
added 5 ml. of light petroleum (bip. 60 = 80°). The acstone was
removed by pessing the sclution through a large volume of water; the
1light petroleum solution, containing all the pigments, was dried over
M@Oh_, filtered and taken to dryness under reduced pressure. The
residue was dissolved in the minimum of light petrocleum containing a
trace of carbon tetrachloride to facilitate the soclution of the )
bacteriochlorophyll, | '
Sucrose {(ocmercial 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 045 in, prepared and allowed to settle. The pigment solution was
applied to the column. Elution with light petroleum brought off the
yeliaw, then the red carotenoid, Tﬁeéa were oollected together, The
bacteriochlorophyll which remained as a blue band at the top of the
column during elution with light petroleum, was lremed by adding acetone
- {0 the light petroleum (nghfc petroleun: acetone, 9:1 v/v).

© This bacteriochlorophyll preparstion is pure es judgsd by the
spectram between 400 mp and 835 my bedng identical with that given by

Koman (1956). ~ / _
Degradation of purified baotezim mﬂ and isolation of

ents,  The method used follows clozely that given by Fischer &
Stern {1940) who showed that alkaline hydrolysls degrades bacteriow
chlorophyll to bactériochlorin ey, phytol, methaol and Mg”*.
Purified bacteriochlorophyll, 1.78 mg., was dissolved in 1.5 ml.
of 2% methanolic KOH, and the solution refluxed vnder nitrogen for 3 hr.
The methanol was distilled off, collected in a receiver cocled in dry
ice, and kept at «20° until required. This distillate contains the
methanol derived from the methyl ester group of bacteriochlorophyll.
The residue was redissolved in ﬁethanol, and ether snd water added.
The ethexr phaaa was removed and the aqueous phase re-extracted with
ether, The combined ether extracts were dried down to give phytol.
The aqueous phese was ncidified to pH 1.5 with HCL and extracted
with ether to remove all the green pigment, The lether extracts,
which contain the bacteriochlorin, were dried amm. On paper
chromatography in 2:6 lutidineewater (5:3.5 v/v) (Falk, Dresel, Benson
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o . A TABLE 29 | ‘

Qugntities of pigments gynthesised during illumination with n’ﬁ—memw
Coaponent | Experimental  Non-illuminated Amount lumthemad '

: ; , control daxing illumination

(HS/ 100 mlo) :
g (ng/50 ml.) (ug.)

Before gurification |
Bacteriochlorophyll . .9400 arn 5050
Carotenoids o 1970 497 . 7
After purification
Bacteriochlorophyll 3560 3

Carotenoids 951 154
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& Knight, 1956), more than one porphyrin spot was cbtained.. This
probebly means that some of the bacteriochlorin has been further degraded.
"The complete fraction was used for estimation of radicactivity, .

Determination of readioactivity

S0lid counting, All samples were plated cut as solutions on
2 Bg. om. pianchettes. - The sclutions were dried, leaving a uniform
layer of solid, The counting was dohé at infinite thinness, unless
otheywise stated, in a Gelpger endwwindow counter, Standaxrds and
backgmﬁ!ﬁ counts were done in all experiments., The standard gave
approrimately the same count in all experiments. A linear imrea.se in
counts with inoreasing amounts of beéteriochlcr@yn' was cbtained up
to 300 pg/2 eq. am confirming that the counta have actually been done
at infinite thinness, . o | .

Liguld sointillation oounting, Solutions made to 0,5 ml. were
mixed with 5 ml. of diomm-methmwl-ethylem glycalmaphﬂmlem
(100110:2:6 by vol.) containing 0.3 2:5-diphenyloxasole and 0.023@
1tk bis=2(5=phenyloxagolyl)benzene (Bray, 1960)s The mdinactivity was
measured in the Panax liquid scintillation counter (discriminator
12 volts, E.H.T. MBO volts). The aW geve approximately the same
value in all exﬁariment& | | :

 Results, - ‘I‘he'synthesia of pigments on illumination and the
" recovery on purification is described in Table 29, ‘

The purified pipments were counted at Minite thinness (Table 30)e

From these resilts the specific radicactivity of the pigmenta
‘synthesised during the course of the experiment has been caloulated,



Solid oounting at infinite thinness

Sample |

Bacteriochlorophyll

Bacteriochlorophyll
{contyol)

Carotennid

Caroteneid
 (contwol)

'umingﬁxatmummtabalictmrofpiwnt‘dumgﬁw
* illumination. Methionine (0.2 pg/imole) has also been counted as
infinite thinness under identical oonditioms,

HEs

89
17

32

95

190

154

Bacteriochlorophyll

Caxotenoid
Methionine

The bacteriochlorophyll was degraded and the fractions counted in
the scintillation counter (Table 31).
of the methyl ester group can be cbtained sinoe a given volume of the
methanol distillate will contain the methancl derdved from a lmown weight -

of bacteriochlorophyll,

. Counts/ 300 nc..,(c:m'ochd‘
for background)

e17
1508
16

2}9‘7

W
286

3022 ocunty/jmcle/min,
5586 ocunty/jmole/min,

28970 county/pmole/min,

The specific radicactivity
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Fig, 22 Measurement of radioactivity of bactenochlorgghLI
by scintillation counting
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Sample -~~~ Bacteriochlorophyll - Radioaotivs.ty (mwat‘ﬁ
from which the for bankm‘amd } oounts/

Bacterdoahlorophyll | Y I 1463
Bacteriochlorophyld 356 161
Bacteriochlorin from s | 2
Phytol from 17 - a8
Methanol from | 237 | 5357
Methamol from '~ . omuB

As can be seen the piguent solutions quench the saintdllation.
The bacteriochlorophyll has therefors been counted at low concentrations
(Fig. 22). The ourve is linear at low coacentrations and this has been
used to celoulate a specific radicactivity for bacteriochlorophylls
These data give a direct comparison between the radioactiviw of the
basteriochlorophyll and the fraguents derived from a.t.

1 pmole baoteriodmlomphyn . 9800 ocounts/min,
Methanol from 1 mole bacteriochlorophyll 9920 "
Fhytol from 1 umole bacteriochlorophyll 6y " "
Bacteriochlorin fyom 1 jmole bamMompbyu ' 6 ¢ "

The bacteriochlorin value is prcbably low due to quenching, Solid
counting of the total bacteriochlorin gave 12 counts/min. while eolid
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counting of the total phytol gave 8 dounts/min,

These remilts prove conclusively that under the experimental
wnditiommadthemthylgrmpcrmmmuinmrpomted
apociﬂmlly ixxto the methyl aater gmup of baoteriodalorophyll, ut not

into the rest of the moxmle.
| A ‘comparison of the upaeiﬁo radivactivities of thu added methionine
and of the piguehu formed is given in Table 32. The values for
specifio ﬁﬁo&cﬁﬂthn of the pigments have been calculated assuming

"ﬁzpaﬂumtlhthemdemmdomwwm xxpu-smntnm
done under dentical conditions using 10~ mmmn. (0.2 po/imole)
and 5 x m“"n methionine (0.04 pe/imole). ALl radlcactivities
dctemﬁ.ned at mmu thinness,

Expte  Come. of Specifio radicactivities

tathismine counts/pmole/min,
Methionine Bacoteriochlorophyll Carotencids
1 T 28970 022 5586
1 20~ 2897 3600 -
11 5 x 10™hy 5800 1883

Further experiments have been done in conjunction with Dr, K.De
Gibson to see if the engyme step in methylation can be directly
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Fig. 23 Effect of haemin on ALA synthetase activity

Assay exaLctly as described on p. 19,
Crude enzyme extract (= 0.15 mg. protein).
Haemin as stateds ' : :

1 't
© 50 100
) PROTo?oRP\\TR\N(}&M\

Fig. 2, Effect of protoporphyrin on ALA
dehydrase activity ‘

Assay-exéctly as described on p. 20.
Crude enzyme extract (= 3.0 mg.
protein)e Protoporphyrin as stated.
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demonatrated. |

Yhole organisms were illuminated with ALA or p:mtopozyhyﬁn or
haemin or Mg protoporphyrin in the presence of u’b—methionim. Brokm
cell homogenates were also incubated with the aibstrates stated ebove
in the presenge of m&iowtive methiozm or vedloactive S-adammr}.-
mathiom The porphyrins formed were isolated but 1o radicactive
porﬁwrin was faund, These o:mer:manta are being oontimied,

Wopmmnsormmmmmmmmmm |
ENZYME EXTRACTS -

Having made protoporphyrin, Mg protoporphyrin end haemin it was
thought of interest to test them for an effeot on ALA synthotase and ALA -
dehyirase in cell-free extracts since Lasoelles (1960a) showad that |
ha.unih. when added to growing«orgmdm,‘w; the m&:@m of
ALA synthotase smd ALA dehydrase. -

Haemin was found to inhibit ALA mthetasa sntivitar (Fig. 23).
Protoporphyrin, protoporphyrin Gmeﬁvl ester, Mg protoporphyrin end Mg
protoporphyrin dimethyl ester at a concentration of 50 i were Mv&

Protoporphyrin inhibited ATA dehydrese (Fig. 2). Haemin and
g protoporphyrin at a concentration of 50}% were inactive. '
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DISCUSSION

Aminoacetone. The first reports of the possible role of aminoacetons

in metabolisn came from Shemin (1955) and !Nemeth, Russell & Shemin
(3957). on administration to rats of aminoacetone labelled with %G

" in the carbon atom bearing the amino group, they found that label
sppeared in respiratory 00,, urinary formate ani in the ureido groups
of uric acid, This was exaotly analagous to the findings with ALA on
the Lasis of which the meoimta-glym cyale was postulated (Shemin &
Russell, 1953), Muserall & Granick (1956) then detectod a suall amount
of an emincacstone-1ike amincketone in humsn urine, In studying ALA
synthetass, Gibson ot al. (1958) and Kikuchi et ale (1959) showed that
the ensyme was mot specific for siooinyl=Cod, tut would condense glyocins
with other aqyl-CoA compounds, at & lower rate than with siooinyl-Coh,
to form amincketonem. |

The interwst in aminceostone was inoreased when Elliott (1958, 1959,
1950‘) identified it Val a produot of the am'b:i;c incubation of
W&am&i&wﬁ&nﬁm&mﬂx&ewmm
containing glycine and glucose. Elliott (1959) postulated that
amincacetone oould be mtaholhed by a gyclie pathmy'simnar to the
sicoinate-glycine ayole for ALA, and 1dentified the first step of this
ayocle (Elliott, 1960b) by finding an ensyme in ox-plassa whioh oxidatively
deaminated aminocacetone to methylglyoxal. More recently, Urata &
Granick (1961) described the formation of aminoacetone from pyruvate and
glycine, and from threonine in liver mitochondria, and also detected the
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breakdown of aminoacetone in liver,

Mijovic & Walker (1960) identified aminoacetons as a constituent
of the antibiotic microcoocin P, | |

These reports indicate that aminoacetone mey be an important
natural metabolite, and when a similar amincketone was detected as a
product of Hps. spheroides' metabolimn it was of interest of identify
and study ite Ancther yeason for such a study is that being an analogue
of ALA it was thought that the emincketone might play some role in the
control of porphyrin and bacteriochlorophyll synthesis,

The amount of aminoketohe acoumilating in the medium when Rps.
spheroddes is incubated aercbically in the daxk or anaercbically in the
13ght 1n a medium oontaining a-oxoglutarste, fumarate and glycine is
increased greatly by raising the buffer concentxation to O.ﬁlg and -
keeping the pi below 7.  Aercbically a fwther increase in amincketons
is obtained by raising the Mn®* concentration, The amincketones formed
aerobically and anaerobicelly were purified and identified as amincasetone,
The identification was achieved by showing on gas m@m that
the acid formed on periocdate oxidation of the amincikcetonss was acetlc
acid, |

It is not known why the modified incubation conditions are
effective in giving an acommlation of aminoacetons. They may be
Blocking further metabolisn of sninoacetons, oF giving sn inereased rate
of synthesis. o ’

The mechaniam of aminoacetone synthesis was thought to be from
acetyl-CoA and glyocine, sinoe thess organisms oontain an aotive ALA



synthetase. But if acetate rzphgoa ag~oxoglutarate and fumarate for
aercbic incubation no aminoasetons accumilates. This implies either
that aminoacetons is not synthesised from acetyl CoA and glycine or
that in the presence of acetate it is metsbolised as fast as it is
formed. Another pumgling feature is that aercbically in the dark no
ALA or poxptwrin is formed from a-oxoglutarate, fumarate and glycine,
It would be imagined that if ALA synthetase is forming aminoacetone under
ﬂmuoonditions,ALAeught to be produged alse, It may be that
ALA is metabolised rapidly via the succinatesglycine cyale or that under
these conditions insufficient succinyl-CoA is availlable; or aminoacetone
may be smynthesised by some mechanism not involving ALA synthetase.

These findings are enalagous to those of Urata & Granick (1961)
who showed that aminoscetone, but no ALA, was forwed when glycine plus
any one of a mmber of the intermediates of the tricarboxylic acid gycle
was a.ddod to liver hcnogomtn. |

Amimmtm aoamlo.tnonurcbio Mgtimofm ina ‘
medium containing threonine., The .mﬁm‘of formation is clear under
these conditions sincs s threonine dshydrogenase has been found in
cell-free extragts. Such an engyme was postulated by Elllott (1960a)
to acoaunt for his resilts iiax'w but this 4s the first
time its presence has been demonstrated. The ensyme has been partially
:purif:hd and same of its pmp-rtien studied. The enzyme roqu:lrn Dm"
TEN* 15 dnactive and 1o aminoecetone is formed in the absence of DEN',
For every mole of DEN' reduced to DENH approximately one mole of auino-
acetone is formed., Deamino-DFN’ is inaotive as a oofactor, but
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3wacetylpyridine~DFN’ has 407 the aotivity of DEN,

These two analogues of DEN* have been tested on a mnber of engymes
{Pullman, Colowick & Kaplan, 1952; Kaplen, dutti & Stolgenbach, 1956).
Wﬂ.th some of the enmu they are as effective as DPN with some they

are leas efteetive, and with some they are completely inactive.
| The cmsym is active with a-thmmim and 2-&1101:!3:'30!11::3, the two
isomers of a-amino-g-hydroxybutyrio acid which have the D aonﬂgumtsm
on the hydroxyl=bearing carbon atom, The other two lsomers, g~throonine
and Leallothreonine are inactive as substrates and do not irhibit the
reaction with Lethreonine and D-allothreonine, D-Allothrecnine is acted
on at about 40 the rate of L-threonine. |

Elliott (1960;) suggested that the reaction ocaurred in one of two
ways (p» 35), either the dehydrogenation or the decarboxylation taking
place first. l-Amincpropan-2-0l, the expcum intermediate of
threonine decarboxylation, is not converted to aminoacetons by thie
engyme, and does not inhibit the conversion of threonine to eminocacetone.
This indicates that threonine is first dehydrogensted to a=-amino=fe
oxobutyric acdd, which 1s then decarboxylated to sminoacetons. o
engyme need be pontulated for the dceaxbaxylaﬁm since Laver et al.
(1959) have found that ae=amino-f=oxcbutyric acid is very unsteble 'umorA
physiologicsl conditions, The possibility remains that the
decarboxylation coours simulteneously with the dehydrogenation on the
engyme murface by a concerted reaction similar to that proposed by
Ingrsham (1959) |

Serina and T-»am:lm-ﬁ-hvdmvbutyrxc acid are inactive as mbamte-
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or inhibitors, but bicarbonate inhibits the reacticn markedly, From
the data available it would appear that the groups of threonine which
are essontial for action of the enma are the methyl group, the oaxbo:arl
gmup and the correat conﬂmmtion on the hydroxyl-beaxing oa:bcu atom.
Having the amino group in a oisoid-configaration with the hydroxyl group,
as in Deallothrecnine, reduces the rate of the reaction as compared with
gm%memmpm'mwlmpmm;
transoideconfiguration to one another. :

The threonine dehydrogenase is strongly inhibited by Age' and
prchloromercuribengoate and partially inhibited by iodcacetandde which
mggests that a thiol grmp in tha engyme is essential for activﬁy.

Hg®* and P2* react with aminocacetone noneensymically at pH 8,8, as does
¥n?*, so that it 4s Aiffioult to tell whether they also inhibit the
engyme.  Inhibition by EDTA, 50% iuhibition at 56 x 10™Y, amd by
Bbbar&mqnmlim suggest a motal wnmm. In axpportbf this
Mg?*, Ca2*, Fe?* ani Feo' stimilate the activity elightly, Addition

of pyridoxal phesphate does not ingrease the sctivity and WM,
whioh has been shown by Du Vigneaud, Kuchinskas & Horvath (1957) and
others to Anhibit pyridoxal phosphate ensymes, has no effect. cyanmo
ivhibites the engyme; aince the enzyme does not appear ©w ameain
pyridoxal phosphate the inhibitory action of cyanide may be rclatcﬁ

to the metal requirement. Complete elucidation of the requirements will
have to await n#ﬂmr prification of the engyme, '

At 37° By for Lethreonins 1s 7.4 x 30“2; and for DPR' 4t 1s
1,7 x 107 showing that the ensyme has a low affinity for Lethreonine,
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~ Some of these findings have already been published (Neuberger &
Tadt, 1960). .

Aminoacetone, although an analogne of ALA, does not appear to have
any effect on the gynthesis or metabolism of ALA., It does not inhibit
ALA gynthetase, and it is not an inhibitor or a mibstrate of .ALA
dehydrase or g-alaxmm-m transeminase, Amimoecetone, edded to organimms
“Alluminated in Mixture I, has no marked effect mpozp!&ﬁnorbacmio-
chlorophyll gynthesis, and increasing the uffer condentration in
Mixture I, which lesds to acammlation of maincacetone hap no effect on
porphyrin or bacteriochlorophyll gynthesiss Threonine, which inhibits
bacteriochlorophyll synthesis and stimiates accumilation of porphyrins,
was thought to be acting through being converted to aminoacetone, but
in view of the results reported above this does not appear to be mo.
Another explanation for the effect of threomine will be discussed later.

The metebolimn of aminoacetons has not been investigated, tut
Eps. spheroides may be & sultsble organdism in whidch to study it. Since
1%t has the ability to mynthesise relatively large amounts of aminoacetone
it premunably also has ‘the ability to metebolise large smounts.

An active DEN' requirirg
ﬁ"wm m:!d dchydrog.m hu boon faun& in mllof‘x!u utract&
This engyme reduces DEN' sbout 120 tines faster than the thmnine
delvdmgenue in crude msym eatneta. and it was thought thu.t thc
threonine aahydrogmae activity ma.ght be due to this onm aﬂma
threonine ia an geanino mbltiﬁ:tad ﬂ-twdmbutyric acid, The
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difference in rates of reaction cauld he explained by steric hinirance
dus to the amino group of thieanine, For both sctivities to be due to
the same engyme it would have to be a D~f~-hydroxybutyrie acid
dehydrogenase.  This was at first assmed to be so sinoe under militable
conditions Rps. spheroldes acaumilate large emounts of polyhavﬁ-lvdmm-
butyric acid (Doudoroff & Stanier, 1953), and has been confirmed by the
recent report of Doudoreff, Merrick & Contopoulon (1961) who have
described a D-f~hydroxybutyric acid dehyirogenase, with very similar
properties to the one reported here, in the related microorganism
Rhodogpipiilum xubrum,

Some of the eaxly remilts 4id siggest that both activities were
due to one engyme. o meparation of activities was ocbtained on partial
parification (p. 51 ), both xeactions were inhibited by bicarbonate
(p. 51), the pH optima were close, and the spscific activities were |
increased by approximately the seme amaunt in blotin deficient organisms
(Teble 16). Like the activity towards threonine thet with Se-hydxoxy-
‘Butyric acid was inhibited by Hg>' and p-chlorumercuribenzoate,
indieatihg an esnentm thidl group, and by EDTA, ‘mggestim & metal
requirement, Further evidence indicates that two different engymes
are involved. Deamino-DEN' is :_lnactive. with both mibstrates, but
3~acetylpyridine-DEN’ has 40K of the activity of DEN' with threonins,
and only 8% of the activity of DEN* with fehydroxybutyric acid, The
Michaelis constant for peN* is also different. ~For threonine
dehydrogenase activity it is 1.7 x W and for S-hydroxytutyrie acid
dehydrogenass it is 4.0 x 10"55. Further work is requimd before it



-112-

can be gtated definitely that two different snzymes are involved, -

The propertles found for the S-hydroxyutyric acid dehydrogenase
are very similar to those reported by Doudoroff et gl, (1961), - The
gﬂﬁ-hya.mzwmmic acid dehydrogenase which they found, and purified
sbout 50-£0ld 1s specific for DAN', is protected by Mg™* and DEN' from
inaotivation and is inhibited by EDTA. At 30° they give a Ky for
Defehydroxybutyric acid of 8.4 x‘m""g and for DEN® 7 x 1077}, which s
 very loss to the remilts reported hese of 6,25 x 10”4 and 4,0 x 107K
re@eet:hrely at 37°
. This engyme is pmbaﬁly of great Importence in the metsbolism of

Epe. _spheroldes and related species in producing DENI and acetoacetate
from Dupehydroxybutyric acid formed from breakiown of the storage polymer.
This polymer accumlates on growth of the organisn in acetate, tutyrate
and Pehydroxybutyrate and cen account for 2% or more of the dry welghts
In organisma grown in malate or suceirmte this polymer does not
acaumidate, & po],ygluwsa ocampound being formed instead (Stenier,
Doudoroff, Kunisews & Contopaulou, 1959).  However, the mpecific
activity of A-hydroxybutyric acid dehydrogenase in organisms grown in
aeata.tu is the same as in orgenisus ymm in malate (Table 19)«

'lbb mm :m the apec;fic aotivities of threonine dehydmgmm
and Be=hydroxybutyric acid dahydrogm in biotin dof‘iciemy is very
marked (Tablo 16), and the activities incroase as the biotin det‘inienqr
i:mreases. The offeot is specifio for biotin defieiemy, no cha.nget
in these speait‘:l.c activitica acour in nicotinic acid or thiamine
deficicnoy (Table 18). The reason for this is not mom It may be
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due to non-synthesis of repressors of these engymes in biotin dnfi&énay.
or be an attempt on the part of the organisms to adapt to biotin
defiolenay.

L-Alenine-AlA transsminase. ALA trensaminases have been reported
by Kowalski et al. (1957) and Kowalski et al, (1959) in mammalian

tissies and by Bagdasarian (1959) in O diphtherise, These studles
were done from ALA and an a=ketoacid, a-oxoglutarate and pyruvate; and
the amibo acid formed was deteoted by paper chrematography. This is
a relatively tedious method. In the present studies the reaction has
been carried cut in the reverse direction and the ALA formed estimated
directly by the specific and sensitive oclour reaction of Mmugerall &
Granick (1956). |

Of the amino acids tested anly L=, D~ and S-alanine have an
apprecisble activity in this system, and only Lmglutanic acid inhibits
L-alanine~AlA trensaminase, Fartial purification has not meperated the
activities towards L-alanine and - ine, although this does not imply
that only ons engyme is involved, The activity towards D-alanine in
orude engyme extracts is due to an alanine racemase, and thers doea not
appear to be a Dealanine-AL: transeminase.

The enzyme does not form eminoacetone from methylglyoxal when
incubated with alanine, glutamic acid or aspartic acid, and aminoacetone
does not inhibit ALA trensamination. Pyruvate, which is a
product of the transanination between Y§ -dioxovaleric acid and
alanine, inhibits ALA production, as does excess Y& ;dzomleﬁc acid,



wlll-

Methylglyoxal, although not a substrate, also inhibits ALA production.
Whether this inhibition is of physiological hpor%anoe is not known, tut
it is possible that methylglyoxal formed from aminoscetone acoumulates
in the organiamus under certain conditions. -

Shemin (1955)' msgéstaa that the u&emata-g:ym oycle controls
the amount of' ALA available for porpb.yriu nynthuia. but there are no
- quantitative data to mipport this, Pyruvate added to a arude engyme
aystem forming ALA lowered the amcunt of ALA produced (Fig. 19). This
was thought to be due to removal of ALA by transamination. Ozaloacstate
d44 not have this etfe@t, bﬁt a~oxoglutarate did, mﬂ there is only a
wesk glutamic acid-ALA transaminase aotivify in extracta, The
pyruvate inhibition may not be dus to trsnsamination sinos alanine does
not reverse 1!:!1‘-0i inhibition. a=Oxoglutarate inhibition of ALA gynthesis
hax been noted by Laver ot al. (1958), Kilkuchi ot sl. (1958) end
“Graniok (1958), who also noted pyruvate m:.tm  These effects may
 be due to mmalof.m&bytrmmimﬁon. crmpra‘bablyto
oompetitive :lnhibitim of ALA lurnthetue.

mmwmafmmmmmmmaorm
mccinate~glyoine qyale as a whole in controlling porphyrin synthesis
dﬂdqwdmﬁzenﬁcofthmrm%nhﬁw to the rate of ALA
synthesis and its metabolism to perphyrin, and on the zupemnm'cr
the pménctu of the mocimtc-glyoim oyals for other metabolic pathways.
No direct estimates have been made, tut Kowslski ot al. (1959) have shown
that the ALA transaminass is more active &n timn_ with a high micleia
acld tumnover than in those with a low molelc acid tumover. This 4s
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possibly related to the requirement of onewcarbon fragments for muclelo
" acid synthesis. . Bps,_spheroides in ecmmon with other microorganisms
probably comteins large apounts of L~ and g-alanim in its cell-wnlls
(Work, 1957) and one of the pathways for synthesis of alanine in these
organisns may be the Ala tmnsamimae. | |
Under conditions vhere the spocific activity of ALA synthetase
is matly reduced, in biotin deficiency and growth in mcetats, the
' m transaminese activity is not affected. This may be ome of the
reasons for the reduced formation of porphyrin pigments under thess
conddtions, | | |
‘Further studies on the role of L-alanine-ALA transamimao and of
the Qxeusm'ce-gm.m ayole in controlling porphyrin biosynthesis are
' indimted. W may be a mitable organism for such
- studies mmmmmmmu ayathuis mba.lmd
under different growth _omﬂiﬁm. By deteoting the imomaﬁon of
label from ALA into various osll components under diffevent conditions,
it may ba‘pusiblc to make an estimate of tha quantitative mrtm
of the miccinatewglyocine ayele in metsbolism and in controlling porphyrin
and basteriochlorophyl]l synthesis.

Lascelles (1956) reported that when organisms, after growth sercbicslly
in the dark in malate (Medium S) were illuminated in a medium containing
a~oxoglutarate and glycine (Mixture I) they excreted porphyrins into the
medium, the major porphyrin being coproporphyrin IIl. Organimms grown
in a medium deficient in biotin, micotinic ecid or thiamine did not
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exorete porphyrins when illuminated in Mixturs I unless the missing |
vitamin was edded. Normel and deficlent organizns formed porphyrin at
equal rates when inoubated in a ma&:lum containing ALA, which argued that
the vitanins were required for ALA gynthesis, not for its conversion to
porphyrins.  Lascelles (1956) thought that nicotinic acid and thiamine
were required for the conversion of a@mghiamto to meei:wl-cda by
gecxoglutarate dehydrogenase, but she had no explanation for the role

of biotin, |

The ALA synthetase resction is thought to involve a decarboxylaticn,
and sinoe most of the biotin enzymes so Pfar desaribed catalyss '
carboxylations, it was thought that blotin might be :lm;'blwd in the
condensation of sicoinyl=Cos and glycine to form ALA.

Lasocelles' (1956) resilts were confirmed and in eddition it was .
found that biotin was required before biotin definient organisms formed
porphyrin on illumination in a mediumm oomtaining suocinate and glycine.
Sinos sucoinyl=CoA 1s formed from miccinate and gwoxoglutarate by iwo
different engymes, neither of which imvolve biotin, s far as is known,
this was taken to mean that biotin was inmvolved in the ALA mynthetase
reaction. |

It was noted that normal organimss illuminated in the a-oxoglutarate

ﬂy&mu@mwmtb@ moeimteandglycimmﬁhmwm&fmd
bacteriodﬁomﬁwll as wall as exoreting pomb;yr:ln, and ﬂmt blotin
deficient organisms regxircd the addition of biot.tn to do this,
Oxmnim 11luninated in ﬂuAIAudinmdidmt gxwerfombacteﬂo-
chlorophyll, Lasoslles (1959) reported that adsptation involving
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protein synthesis was required for formation of bacteriodilorophyll when
sercbic darkegrown organisms were transferred to the light, and it was
thought that lack of biotin might be stopping this. - Normal and biotin
deficient organisms grown anaercbically in the light were therefors used
for the illuminations and the remltis obtained were the same as tmao
with organim gwm aembiully in the daﬂ:.

The next step was to ocompare ALA mnthetue activities in extracts
from normal and biotin deficient organisms. ALA gynthatase activity
is reduced in biotin defliciency; the greater the defioiency, the lower -
the enzyme activity (Teble 16). ALA dehydrase is not z-e&ee& exvept in
~ extreme deficienay. LeAlanine-AlA trensaminase is 5130 not reduced, amd
threcnine and f=hydroxybutyric acid dshydrogensses are increaseds
Recently Lasoelles {1960b) has confirmed that ALA synthetase activity
is Teduced in biotin deficiendy and has found that ALA dehydrase and
ribulose diphosphate carboxylase are mot affected., Thia is not a long
list of engymes but it does show that the reduction in ALA synthetase
activity appéara to be specific, and was originally teken asz evidenoe
that ALA synthetase was a biotin engyme.

Atteupts to resctivate the ALA synthetase in extracts of biotin
deficient organimms by addition of biotin, biotin plus ATP, or boiled.
extraots of mmi oprganisms failed, This was not suprising s!.ﬁoo
no othir biotin Wa have been reactivated under conditions where
protein mynthesis is absent. | | 3

Attempts were made to reactivate the ALA mynthetase in vivo under |
conditions which were known to restart porphyrin and bacteriochlorophyll
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synthesis, that is on mAunir:ation of blotin deficient cr@nisns in
Mixture I plus biotin, but these also failed. = Although it indicated .
that ALA synthetese was not a biotin engyme, this negative result ia
important since it shows that the level of ALA mynthetase activity is
not the primary factor determining whetber or not porphyrins are formed
under these conditions. _; ‘ '

A arude preparation of avidin inhlbited ﬁie ALA . mynthetases 'rhc
effect appeared to be épeoiﬂc. ‘Other eggwwhite proteins were imactive;
avﬁ.’m did not irhibit the threonins dehydrogenase and 4id not interfere
with the ALA colour reaction, The izhibition by avidin owld not be
réveraed by excess. suceinyleCod or pyridoxal phouplute.. In other
studies it was found ti’ag.t although avidin inhiblts biotin engynes,
avidin prestreated with biotin does not inhibit (Balenz & Lane, 1960).
With ALA synthetase, on the other hend, avidin preeinaibated with a

-large excess o;‘ biotin etill inhibited the activity. This contradiction
was resolved when it was found that purer serples of avidin did not
inhi‘b:;t the ALA synthetase. ’.t'his showed that it was some other egg-»wh.tu
protein in the impure avidin pmparation which was inhibiting the enzyme,
and that ALA sgynthetase did mt contain ‘biotin. The nature of the
inhibition by dmpure avidin has not been méstigatod.

In meny of the experiments reported in a review on biotin by
Lichstein (1951) end in a mmber of studies since then a role for biotin
4n an ensyme reaction has been proposed on the basis of its speoific
activity being reduced in biotin deﬂeiw and on thq basis of
inhibition by crude avidin pmpamtionl.r The resilts reported here show
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that many of these carly findings must be accepted with cantion,
Reoently, with improved techniques and purification of engymes, biotin
hes been identified as & constituent of a muber of engymes, and its
role in engyme reactions more firmly established (Lynen et als » 1959).

Organisms grown under conditions of biotin deficlency contain lower
.aomqntmuons of bacteriochlorophyll and carotencid than normal mwim.
as do niootindc acid and thiamine deficient organisms and those. grown
with acetate instead of malate. Organisns grown anaerobically in the
light in acetate axre very pale pirk, while those grown in melate are
deep red.  In extracts made from these rganims ALA synthetase aotivity
was reduced as compared with nonedeficlent organisms growm in malate
(Tebles 18, 19). In acetate grown organisns the ALA dehydrase activity
was also greatly reduced. The other enzgymes tested were not reduced
 Lascelles (1959) reported that organisms grown mercbically in the darkc
in malate contained less pignent and less ALA gynthetsse and ALA dehydrase
than organisms grown anasercbically in the 1light in the same medlums

Thus, under a variety of conditions whioh ave um’avmr;ble fw‘
pigment synthesis, ALA synthetase and scmetimes ALA dehydrase activities
ex® reduced, It is not known whether reduction in the enzyme levels
stops bacteriochlorophyll synthesis or whether inhibition of bacteric-
chlorophyll synthesis leads to acaumlation of an inhibitor or a
repressor of the engymss. Scme inhibitdon may operate since the
response o biotin in Mixture I to form porphyrin and bactericchloraphyll
does not involve an increase in ALA gynthetase activi‘lv, Aaa assayed in
oell-i-froé Kystemg,
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. Alternatively both the low pigment levels and the low enzyme levels
under these unfavoursble oonditions may be due to the inability of the
organisms to form sucoinyl-CoA, glyoins or pyridoxal phosphnte,  The
low mzyme_activ;ities could be explained A these engymes qre:unatable :
in the sbeerce of their substrates or oofactorss This instability has
been shown for a mumber of other engymes (Pardes, 1959), ALA mynthetass
in cellefree extraots of Bps. spheroides is Very unatable, ani the ssme
may be true in yvivo,.

Further attempts to explain the action of biotin have been
unmiccesaful,  Chromatophores from bilotin deficient organisms were
compared with those from normal organisms, and on a pintein basls the
only ocomponents present in reduced amounts were Eaatezliod:lomvphyn and

oarotemid. _ M;evalonié acid which is probebly the precursor of phytol
| and carotemi&ar and whose gynthesis may be blocked in biotin deficiency
could mot replace biotin, This 1s possibly due to the inebility of
mevelenic acid to penetrate into the organisms. An inhibition of
mevalonic acid mynthests ooild explain the reduction in both bagterio-
~ chlorophyll and carotenoid levels in biotin deficiency.

sty of ha . Lascelles (1960a) showed that
sddition of haemin, ut not of protoporphyrin or Mg protoporphyrin to
growing oraa.nim mpresud the :arnthcsis of ALA aynﬁutaae and ALA
delwdxnae- AIA\. did this allo, px‘obably dne to its amerﬁon tﬂ hami-ﬂo
This ia an example of negative feedback repressim which haa slready
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beonreatablishe& for a number of other biosynthetia paﬁayn. In this
-study haemin, but not protoporphyrin or Mg pxﬁto;:erphyrin, inhibits ALA
synthetase activity in cell-free extracta at a relatively low
‘ooxiaenmtim, and protoporphyrin, bt not haemin ox Mg protoporphyrin
irhibits ALA dehydrase (p, 104). This is an example of negative

" feedback irhibition, which has also been demonstrated for a rumber of
other biosynthetic pathways. The importent point is that both inhibition
and repression operate, It 1s not known wheﬁxer the repression is
mediatod by an initial irhibition of the action of thsae engymes,

whather the two nrfcntu are unrelated, or mther the differanms ‘between
' ha.eminandpmtoporphyﬂn action in whole un-mmmu-m extraocts
are significant,

These effects are important in photosynthetic bacteria, since they
oen also stop, or at least limit, qyrxthesia of bacteriochlorophyll which
quantitatively as well as biclogioally is the most important porphyrin
pigmntn in these organ!.ms.

' The role of haemin and protoporphyrin in controlling pigent
synthesis aembically in the daric, and in the varicus grwth oonﬁ:l’dons
“desoribed sbove is not known, but aewmlation of haemln and pmto-
porphyrin may be one of the factors responsible for the redioed levels of
|ALA mynthetask, ALA dehydrase, and pigments. In particuler, umder
aerobio mmitm.mweaakwmtmngm. the high cxygen
tension may favour ou;ﬁaticn of the porphyrinogens to porpmxd.m. If

the porphyrinogens, not the porphyring, are &tamdhtea in amocm
~ and baoteriochlorophyll vntheai.s oxidatim to porphyrins will lead to
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their ecaumilation, to inhibition of cytochrome and bacteriochlorophyll
synthesis, and to repression and inhibition of ALA gynthetase and ALA
dehydrase., Unfortunately the oxidation levels at which the tetrspyrroles
arve converted to cytochrames and bacteriochlorophyll has not yet been
established,

Lascelles (1956, 1959) reported that addition of iron to organimms
11luminated in Mixture I stopped coproporphyrin excretion and increased
bacterioohlorophyll synthesis, The coproporphyrin formed in the absence
of iron was mach greater than the extra bacteriochlorophyll and haemin
formed in its presenoe. The meduction in coproporphyrin excretion ean
be explained by the conversion of iron to haemin, which inhibits ALA
erd FBG mynthesis, The requirement of iron for baoteriochlorophyll
synthesis may be due to its requirement for the conversion of oopro=

- porphyrinogen to protoporphyrinogen.

Oxigin of the methyl ester in baoteriochl 1l. The
inhibitien of bacteriochlorophyll eynthesis by ethionine at
congentrations where it did not apprecisbly affect growth indicated that
it was inhibiting some essential reaction involving methionine, A likaiy
site was thought to be the formation of the methyl ester group of
" bacteriochlorcphyll, This methyl group is probably added to proto-
porphyrin or Mg protoparphyrin (Fig. 1)s The only work on the origin
of the methyl ester group of chlorophyll is that of Green et al. (1957)
who found label in the methyl ester group, but not in the rest of the
molecule when Chlorella were grown in the presence of Vrs-tornate,
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- Methoxy groups and 'I“I_-umetlwl groups, in all cases where they have been
studied are donated by Seadenoaylmethionine (Axelrod & Teméhicky, 19533
Axelrod, 1961) tut the engymic fommtion of methyl eater groups does not
appear to have been studied, In fact, methyl ester groups are
comparatively rare in mature, thz only other compounds fourd which
contain them axe a few of the alkaloids (Rcbinson, 1955) and pectin
(Pigran & Goepp, 1948)

In this study using [methyl=1'C]methionine the radicactivity of tha
carotenoids has alsc been measured. The two major carotencids of
Rpss spheroides (Fig. 2) contain one methoxy group per molecule, which,
by enalogy with other methoxy groups, is probably donated by Seadenogyle
methionine, |

The label fram [methyl~""Clmethionine was found sclely in the
methyl ester group, but not in the iest of the bacteriochlorophyll
molecule, | '
| That this methyl group is being domated ddrectly by methicnine, and
not after methionine has lost its methyl group to the pool of ome-carbon
. fragments is strongly indicated by the mmall dilution in mdiogotiv:lty
" and by the fact that the mpeoific radicactivity of the camtemm is
only sldghtly greater than that of the bacterfodhlarophyll (Table 32).
It mst be pointed out that the :pnod.fio radioactiﬂma of the pigments
have been oalm!atc& assuming that no turnover tskes place: during the
illmn:lmtim and this may not ‘be Juntmedo

Attempts in conjunction with Dr. Gibson to investigate tha
msthylation engymically have failed so far, but further work is being
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. Em of. eth:l.owr ggg threonine on mm:ln and baggenodnmw
w In axgar:lments to investigate whether protein syntheuis was

involved 3.!1 the response of biotin deficlent sercbleally ngn organﬁ.sma
to biotin, g-ﬂuorophenylahnine and ethionim v,m a.dded and the
orga.nim :uluminat&d in Mixture I. g-—zi‘!norophamrlalanina :.nhi.b.ttca
the response to biatin, that 1s no grawth or porphyrin and bacter:lo—
chlorophyll synthesis cogurred. Ethionine, while it inhibited growth
and baoterioohlorophyll :ynthesis, stimlatod an oxoretim of pox‘phyrin
into the medium, This effsct was noted vrlth ethi.onme in the abm
of added biotin atﬂ with mn-duficient organim In the abnomo of
ethionine, adaptation involving aynthesia of ALA synthetase and ALA
dehydrsse is required before aercbic dark grown orgenisms form pi@ent
on inoubation anaercbically in the 1ight in Mixture I (Lascelles, 1959).
Using light grown organisms this effect wes also noted. In
particular Fig, 21 shows that addition of 5 x 107Y ethlonine to nomal
organisms oampletely stops bacteriochlnmphyll and carctenold synthesis,
but onlyparﬂally stops growth. The amount ofpn:p}wzin exmtod in
the presence of ethionine is greater by a factor of two then the sum
of the porphyrin and bacterioohlorophyll formed in its sbssnce. This is
a Teproducible finding, in other expsriments the difference is scuetimes
three or fourfold, Ethionine slso stimilates porphyrin excretlion by
nicotinic acid and thismine deficient orga}zians in the sbsence of added R
. vitamin, |
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., A1l these results muggest that ethionine is not aimply stopping
bacteriochlorophyll ‘syntheais, tut is actually stimilating porphyrin
synthcsis possibly i;y'mliwing some inhibltion which is normally presents
The more biotin deficient the organimms, the less porphyrin is formed in
response: toethioniﬁe and this may bc- related to the ALA gynthstase

content of the organiems, |
| A large nmber of compounis were tested, but the only one which
had an activity mimilar to ethionine was threonine, Like ethionine,
1t inhibite bacteriochlorophyll synthesis and stimilates porphyrin
excretion when added 0 organisms illuminated in Mixture I, and it also
stimilates parphyrin excretion by Wiotin deficient organisms in the
sbsence of added bictin, '

Ethionine stimlates porphyrin excretion when organisms are
illuminsted in ALA., This is not a specific effect, since methionine,
cysteins, glutathione and homooysteine do this slso, Sincs illumiration
in ALA is Aifferent from 11lunination in Mixture I in that 20 growth
or bactericchlorophyll synthesis ooaurs, the effeot of ethionine in the
two media is probvably different,

The porphyrin sclutions formed on illumination of organimms in
¥ixture I in the presence and absence of ethionine and threonine all have 7
the ‘same spectra between 355 and 610 mu,  Extrvaction and chromatography
of the porphyrins showed that not only is coproporphyrin the major
component, tut all the minor components ere the same, under all -
conditions, Therefore the estimation of porphyrin bassd on copropomlwrin
is a valid meamire of the quantities of porphyrin excreted in the
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presence and ebsence of ethionine and threonine.

On 12lumination of erganiems in Mixture X.all the components are
essential for porphyrin and baatexd.ochlmv;hyll synthaaie (Lascellaa,
1956, 1959).. In the presence of ethiecnine or threonine 1o armonda s
}e@a‘ma,ma with ethionine xg is the onlymetal required for maximn
po:phyrin excretion. . This is a further indication that othionine and
threonine are "unmpling" porphyrin syntmnia. , |

" No effect of ethionine or threonine owld be demonstrated in celle
free systems. Ethionine did mot affect ALA synthetase or AlA dohydrase
and ethionine and threonine did not transsminate with Y$-dioxovaleric
acid or inhibit the g-alaniue»ALA tnmsamina.se reactions

Organisms incubated aerchbieally in the dark in Mixture I do not foarm
porphyrins or baateriocﬁzomphyn end ethionine has no effect under these .
cond:ltion& | |

The ethicnine and threonine effects are reversed by methionm and
lwmocysteine and the tlu’emina effact by hcmonerim. The ethimﬂm
effeot is not mveraod by homoserine or by hmm pi!na wateina,

peﬂmpﬂ because too low amaentrationa were used, ‘l'his Teversal means
' that the porphyr:ln exoretion is rmeaa to the level exareted in the
" absence of ethionﬁ.ne. and bactexﬁ.adalmﬂwll and cerotencids are
, aynthosiu&.. }{eﬂliand.na. alone in some experinenta, atimlated
bwteriochlomphyll n;mthnia and reduced porphyrin excretion, but
' hmwmmmﬂhmmhadmeffmmtheahmd’emm
or threonine. Serine, glutathione, gysteine and norleucine aid not
reverse the ethionine or threcnine effsota.
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Methionine and homocysteine as well as restarting bacteriochlorcphyll
synthesis in the presence of ethionine and threonine appear to be
reintroducing the inhibition which ethionine and threonine abolish since
the sum of the porphyrin and the bacteriochlorophyll formed in their
presence is less than the porphyrin excreted with ethionine or threonine
alone. :

These results indicate that both ethionine and threonine are blocking
some reaction of methionine, Since norleucine is inactive it is
probable ‘that the resction involves transfer of the methyl gioupe It
has been found that the methyl ester group of bacteriochilorophyll is
mogt probebly donated directly by methionine, and 1t is very likely that
this is the reaction which ethionine and threcnine inhibit,

The mode of action of ethionine is clear mince in & muwber of
studies 1t ham been shown to compete with methionine for ATP and to
form Swadenosylethionine, which donates its ethyl group to» form an
ethylated instead of e methylated compound (Paxks, 1958). Alternmatively
the compound may not accept the ethyl group.

“The mode of action of threonine is not so cbvicus. The best
explanation appears to be that threonine is blocking the de novo
gynthesis of methionine. Both compu.uﬂs»aré gynthesised fron aspartic
acid via homoserine (Meister, 1957) and addition of threonine may exert
& feedback control on the early steps of the ocommon biosynthetic pathway
which will inhibit de nove synthesis of both compounds. There is no
sound experimental evidence for this except a report by Doudney &

Wegner (1952, 1953) who showed that growth inhibition of a mutant of
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Heurospors crassa by threonine could be reversed by methionine, homow
aysteine or homoserine, . On the other hand the control of methionine
synthesis in E,_cold involves orly the part of the patimay fran homoserine
to methionine, both cystathionase and hmcynteiné méﬁwlase being -
repressed by addition of methionine to the growth mediun (Rowbuxry &

Wooda, 1961a end 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 eaxly enzymes in the pathway of hamoserine
blosyntheais,

The malile role of iron in inhibiting porphyrin excretlon in
Mixture I has been discussed shove, The effect of iron is exsctly
opposite to the effeots of ethionine and threonine. Iyon and ethionine
antagonise ons another (Teble 28). At low concentrations of ethiomine,
iron decreases porphyrin excretion as it does in the absence of athionine,
i:u'i; at high concentrations of ethionine iron has no effects

If the effect of ethionine in stimlating porphyrin excretion is
 being mediated solely by ite ability to inhibit formation of the methyl
ester group in bacteriochlorophyll, it ought to be imsctive in
Chlorobium whose chlorophyll does not contain a methyl ester group (Holt &
Hoghes, 1961; Holt & Morley, 1960). Similarly ethiomine ought to have
no effect on porphyrin gynthesis in organisms which do not fomm
chlorophyll. This is probably truc sinoe a large maber pi‘ papers have
 eppesred recently on the effects of ethionine in animals, and in nona
of these is any mention made of a damxgmmnt in porphyrin gynthsais,
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Control mechanisms for pigment gynthesis. Before discussing -
hypotheses to account for the remilts cbtained it mast be noted that all

the experiments with ethionine and threonine have been done under ons

set of conditions, nsmely illumination in Mixture I. This medium

was devised by Lascelles (1956) specifically to give porphyrin' excretion,
and this excretion mey mean that under these oonditions the organisms
have already lost some of their contxol over porphyrin synthesis even
without the addition of ethiomine or threonine, Irom can control
porphyrin exémetion in Mixture I (Lasoeclles, 1956), tut the results with
athionine and thweonine indicate that another control meaha;zism is
cperating under these conditions.

To acomnt for the stimilation of porphyrin excretion by ethionine
and threondne 1t can be postulated that not cnly do they inhdbit '
bactericohlorophyll and carotencid synthesis by interfering with
methylation, but they also inhibit the formation of cne of' the 1ntex-»
medistes in bacteriochlorophyll synthesis which can act as a feedback
inhibitor. The point of actlon of the inhibitor may be eithar one of
the early steps in porphyrin aynt}nsis, ALA nyn'&xetaae or ALA dehyamas.
or the first step leading to bacteriochlarophyll., This, a.ccozﬂing to
Granick (15"61) is the addition of Mga or the méthyl ester gmup‘ to
protoporphyrin (Fig. 1). For the purposes of this hypothesis it mist
be asemed that the Mg2* 4s incorporated first and that the inhibitor
is Mg protoporphyrin monamethyl ester or one of the later intermediates,
 most of which have not been identfied.  Alternatively, the inhibitor
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may be same other methylated compound, but on the basis of feedbaock
control, elucddated for a rumber of pathways, this is wnlikely.

. The presence of an inhibitor is also indicated by the finding that
the response to biotin in Mixture I, giving growth and porphyrin and
bacteriochlorophyll synthesis, does not involve ony increase in ALA
synthetase activity, as assayed in cell-free extracts, ,

To account for the effect of ethionine under conditions vhers
plgnent synthesis does not mnml]y ocaur on illumin.ﬁtion, that is in
vitanin deficient organisms and in those previcusly grown acrobically |
in the dark, it must be asmumed that the block in bacteriochlorophyll
gynthesis is after the synthesis of the inhdbitor which thei‘efom
acoumlates, It must nleo be assumed that the inhibitor is being
destroyed and resyntheaised on illuminstion in Mixture I. Ethionine
and threonine then inhibit its resynthesis. The reason why wthionine
does not act aercbicelly in the dark may Be that other inhibitors eve
present under these oconditions, or that the postulated irhibiter is
steble, or that porphyrin and bacteriochlorcphyll synthesis is absent,
not due to the presehae of inhibitors but to the absence of mubstrates.
At low oxygen tension in the dark bacteriochlorophyll is gynthesised
(Lascelles, 1959) and it would be of interest to sce whether ethionine -
can stimilate porphyrin: excretlon under these cona.itions.

Hethionine and hamocysteine reverss the ethionine and threonine
effect probebly by restoring synthesis of the inhibitor.

 'The point of action of the inhibitor camnot be decided en the
evidence available, If it acts on the gynthesis or metebollmm of ALA
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its removal will give increased porphyrin synthesis. = In the sbsence

of a‘ddéd iron most of the porphyrin will be exarcted as cuproporphyrin
and any’ pmtopo:phym formed will be converted to Mg protoporphyrin,
which unlike haemin and protoporphyrin does not inhibit or repress ALA
synthetase and ALA dehydrase, and coproporphyrin excretion will contirues
This explains the requirement for Mg2'. . " The inhibitdion of the ethionine
effect by Feo' |
porphyrinogen metebolism, or to 1ts forming haoemin from protoporphyrine
The reason why Fe<* does nc# inhibit porphyrin excretion at high

-is probably due either to its requirement for coprow

ethionine concentrations cannot be explained sstisfactorily. It may be .
that ethionine also inhibits fomation of protoporphyrin and haemin, but
there is no ovidence for this.

If the imhibitor blocks the formation of Mg protoporphyrin, ita
remaval will allow this step to proceeds .In the preserce of Mg™*, Vg
protoporphyrin will be formed, less protoporphyrin and haemin will
acoumilate, and the inhibition on ATA synﬁzétase and ALA dehydrase will
be 1ifted. The inhibition by Fe2' '
1g2* for available protoporphyrin, although this is not a canpletely
satisfying explanation, | |

Alternatively the postulated inhibitor mey act at both aiteg.

1s probebly due to its cameting with

That it is an inhibltor rather than a repressor is shown by the fact that
ethionine can stimilate porphyrin exmtion in the sbsence of protein
synthesiss | V

| Haemin 1s already known to act as a repressor of ALA gynthetase and
ATA dehydrase, and haemin and protoporphyrin as inhibltors of the
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activities of these enzgymes, 80 it may be more likely far the postulated
irhibitor to act at some other step, However, Kilaiohi st al. (1958)
reported a heat~labile inhibitor of ALA aynthetase in extracts of aerchic
dark grown Rps. spheroides but not in extracts of organisms grown
anaercbically in the light. This oould not be evnfi.mod by Lascelles
(1959)s  The heat-lability argues sgainst its being heemin, Thus 4t
may well be that theromanmberormhimmﬂmmsmsacung
on the early stepe of porphyrin synthesis, their relative importance
depending on the growth conditions.

This explanation of the reason for the remults with ethionine and
thummmymtbuwmct, and further work will have to be done %o
test it. The stimilation of porphyrin excretion may not be a direct
consequence of the inhibition of bacteriochlorophyll sgynthesis and it
may not even be a direot consequence of ivhibition of methylation,

A number of reports have appeared which indicate that aume of the
‘biqlogiml effects of ethionine are not directly related to its
ocompetition with methionine (Levy, Montanez & Dunn, 19553 Stekol, Mody,
Bedrak, Keller & Perry, 1959).

The sbove hypothesis may explain soame other resultis on pigrent
synthesis. Lascelles (1959) noted that:addition of protein synthesis
inhibitors, other than ethionine, to Rps. spheroldes mot only inhibited
growth, but also inhibited porphyrin excretion and bacteriochlorophyll
syntheais. This can be explained by accumlation of haemin, in the
sbsence of protein to form gytochromes, and acoumlation of b:_‘mtezd.a-
chlorophyll intermediates in the absence of protein to synthesise
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_chromatophores. The reason for reduced engyme levels in vitamin
deficiency may also be due to acoumlaticn of inhibitors and repressors.
The response to the vitamin, givingtgmwﬂ:, removes the 1nhibitora and
repressors and allows porphyrin and bacteriochlorophyll syntheais,

In other growth conditions which are unfavoursble far pigment
gynthesis, high oxygen tam;ion in the daxk or in the light, and high light
intensity, the combined accumlation of haemin and the posﬁlated
inhibitor may account for the reduced levels of ALA mynthetase and ALA
dehydrase, _ ‘ ‘

It is not known what is the prdmuy cause of inhibition of pigment
syntheais unier any of these coniitions and it is probable that the
acormlation of the irhibitors and repressors so far identified, and
the mdx;otion in engyme levels are seoondary features, being the |
consequence rather than the csuse of the inhibition of pigment synthesis.
'It is also probable that pigment synthesis ls inhibited in dirfeﬁnt ways
under different canditions, | *

The availebility of mucoinyl-CoA under some conditions may be the
primary reason for fallure of porptwﬁn pigment synthesis, but there is
no diz-éot evidence for this. h The resilts of Elasden & Ormerod {1956)
with R, subrum, and there is no reason to suppose that Rps, spheroides
is diffex"ent. show that aercbically in the dark the ‘metabolién of all
sibstrates 1s by the tricarboxylic acid cycle-acetate, butyrate,

pyruvate, propionate, malate, fumsrate and sicoinate, but that
anaerobically in the light only acetate, butyrate and pyruvate are
metabolised by t_he tricarboxylic acid qyole, The anaerobic metabolism
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of propionate, malate and miceinate is not fully known, but 1t mey be
by glyoolysis or the hexosemonophosphate shunt, Stenier st al, (1959)
£ind. that the ansercbic light metabolisn of acetate and butyrate leads
metabolism of propionate, smucoinate and malate lead to scoumlation of

a glucose polymer. It is alwo known that very little pigment is formed
at high oxygen tensions in t!wvéark,' irrespective of the subatrate,

and that snaercbically in the light, while growth on acetate glves
organisms with a low pimﬁt omtent, growth in malate giveu highly
pignented organisma. From theae results it would appear tbai:, when the
nmajor pathway of metabolism is the tricarboxylic acid qycle pigment

| gynthesis is not favoured, but that pignent gynthesis is favoured by the

other pathway. That is high oxygen tension in the 1ight or in the dark
favours the tricarboxylic acid gqyole metabolimm of malate'and. smocinate,
while low oxygen tension in the light or in the dark favours an
alternative metabolism for these oompounds which makes suooinyl-CoA
available for porphyrin qynthuil. i o _

The effect of increasing the light intensity, which stops pigment
synthesis (Cohen~Bazive et al., 1957) may ect in the same way by lesding
to oxidation of the electron-transport carriers and so favouring the
tricarboxylic acid oyale. B

Additional proof for this argument is that serobically in the dark
Rps. spheroides form aminoacetons but no ALA from e=oxgintarate,
fumarate and glyeine, The amincacetons is probably fomed from acetyl-
CoA end glycine which indjgates that the ALA synthetase is active under
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these conditichs, and that absence of ALA is due to gbsence of micoinyle
CoA. The absence of availeble mocmmw also explain the
results of Urata & Granick (1961) who Paind that aercbic incubation of
glycine plus any one of a nmber of the tricarboxylic acid qycle
intermedintea with liver hanogenates gave e.cmmlation of ammoa.aetom
but not of ALA.

The absence of mcoiryl-céh under aercbic growth conditions and
in growth in acetate may be the reason for the reduced levels of ALA
'ayntheytasc ana-ALA dehydrase since these engymes may be unstable in vivo
or be synthesised at a reduced rate in the sbsence of their substrates,
a8 has been shown for a number of other ensymes (Pardee, 1953). This
may also be the reascn for inhibition of pigment synthesis and reduced
engyme levels. in vitanin deficiencys.

Inhibition of cerotencid syntheais mist also be accounted for if
this Wthosie is oorrect, but this will have to mﬁ.t‘ further
experiments, |

It may be that the stimlation of porphyrin excretion by ethionine
and threonine can be explained by their making more miccinyl Cok'
availeble for pérmrm synthoais, | |

| ALA synthetase is a pyridoxal phesphate requiring enzyme and Gibson
(1958) showed that pyridoxal phosphate had to be added to crude undislysed
extracts of Rps. spheroidss before eny AL was synthesieed. The level
of pyddoxal phosphate may control not only the e,ctiv:ity of this engyne,
but also its ebsolute amount, if the enme 18 unatable in the sbsence
of 1ts ocofactor,
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- The importance of alternative pathways of metabolimm for ALA have
not been fully explored, but they may play a role in the control of
POI‘IW nynthenis. ‘

Samo & Granick (1961) proposed that porphyrin synthesis in liver -
can be oontrollediby the distribution of the engymes of parphyrin '
qyntheai‘u-bamm the mitochondria and the qytoplamm, This probably
does not apply in Rps. sphercides, since all the engymes up to that
forming coproporphyrinogen at least, are moat‘pmbsbly in the cwtcplm

Gohen-Bagire ot gl. (1957) consider that the irhibition of pigent
gynthasia in anaserchically MOmanims by addition of oxygen or dy
inareasing the light intensity is caused by the oxidation of a carrier
of the eloctron trensport chaim At first sight this is rather a vague
hypothesis. ~ However, thmm a mmber of oxidative and veductive
eteps in both bacteriochlorophyll and carotencid synthesis ~ cxidation
" 18 required for the comversicn of coproporphyrinogen to protoporptwrin,
for formation of the isoayolic ring, and for the conversion oi‘ the 0
terpene intermediate to the more highly éansugataa carotenoids;
reduction is reguired in rings B and D of the porphyrin moleaile to form
bactaﬁodﬂorqﬂwll.-and for meﬁd&n of the unsalurated c:zo texpene
to phytol. A delicate balanoe is probbly required in the oxidation=
~ veduction state of the electron carriers for all these steps to ocaur,

Organisms grown aexcbloally in the dark do not contain awamstophores
(Schachman, Pardee & Stanler, 1952) and this may be the reason for
sbsence of pigrent under these conditions. Recently CoheneBazire &
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Xunisawa (1960) have suggested that partially formed chromatophores may
be present mercbically in the darks There ma,y be same vegulatory
mechanism for chromatophore synthesis and under some cmditior‘xs’ their
ebsence may be the primary reason for failure of pigﬁent mmthesil.

At low oxygen tension in the dark pigments are m:mesimh ‘
(Lascelles, 1959). This is an important cbservation since it ahws
that pignent gynthesls, or d-xrcmatcphom gynthesis, is not &apendmt on
light, but is mm closely linked to the oxidation state of the orga.niml.

It 18 not known which steps in bacteriochlorophyll and carotenoid
gyntheals ocour outside the chromatophores, but it is pogaible that the
last few steps occur in these particless In the absence of chromato
pbores the amnmlation of intermediaths mey account for the reduced
engyme levels. ,

Noresynthesis of the dxxmaw» cannot account for the
inhibitien of pigment syntheais by inareasing the light intensity under
anaembic ‘conditions since Cchen-Bazire & Kunisawa (1960) have shown that
organisms grown at different light intensitlies ocontain appm:d@tely |
equal amounts of chvomatophores, the only difference being in their
bacteriochlorophyll and carotenoid content, which is lower at high light
intensitieas

It mist be noted that changes in the levels of carotenolds undexr
different growth aeonditions parallel Mes in bacteriochlorophyll. .
The explanation for this is not known because very little is known sbout
the details of carotencid biosynthesis. These pigments are linked
chemically since the phytol group and the carotenoids are both probebly



synthesised from mevalonic acid, ~Thus a primary inhibition of carctenoid
synthaesis by high oxygen tengion, high light :i.ntmity or vitamin
deficiencgy could also inhibit phytol amd bacteriochlorophyll synthesis
and thus cause the cbserved changes in ALA synthetase end ALA dshydrase
agtivities by accumlation of intermedlates. "

The carotencid molecule (Pig. 2) is probsbly highly asisceptidble
to oxidation, or to reduction, or to photochemical changes. As shown
by Van Niel (1947) oxygen irreversibly converts carotencid ¥ to carotenodd:
R in Bps, spheroldes, Oxygen or high light intensity may lead to the
acommlation of some carotencid which irhibits de novo carotenoid and
~ phytol gynthestis, 7 - '

The above dlscussion shows that 'hhere are a mmber of possible
- mechanisms for the ccm‘trol of pigment mthnaia, and that their _
- impartance may depend on the growth conditiohs. The mein cbetadle to
their elucidation is the incomplete lmowledge of the metsbolic pathways
in Bps, schevoldes, and of the intermediates in bacteriochlorophyll and
carotencid synthesis, | |
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SUMHARY

des has 'bm fcnnd ta prodnoe relativcly
largc maunta of an aminokatcm under mitablc Mhtim cozﬂitinm.
Tats am:lnokatono m been pur:!.fiod and ifentified as sminoacetone,
Althaugh :I.t :!.u an analogue of S-aminohmlic mﬁd, unimwetom hu no

effaot an m cf ALA'a anme reactions, mimaoetons has no
aigniﬁeant of!‘oat on porplwrin or bmterionblmphyll biosynﬂmsil :I.n

whale crgmim.

2, A DPN’ requiring engyme hes been found in extracts which converts
threonine to amincacetone., This enzyme has been partially purified and
_its speoificity and properties studied, A B~hydroxybutyric acid -
dehydrogenase has also been discovered, ani its properties studiled,

These two enzymic activities, although they are very similar, are pmbtbly
due to two different enzymes,

5. Ang-ﬂnﬂm—b amimlaemuo aoid transaminase has been found in
oztmts. Ite pz'opertin have been studied, axﬂ its possible role in
the control of porphyrin and bacterioechlorophyll biosynthesis is discussed.

4e The effect of biotin deficiency on porphyrin and bacteriochlorophyll
biogyntheals has been studied in whole cells, and the resulis of Lasocelles
{1956) have been confimmed and extended, Of varioie engymes tested the
only cne whose specific activity is reducsd in biotin deficiency is ALA
aynﬁxé‘ba.ae. Although impure avidin inhibits ALA synthetase activity,
purified avidin has no effects This suggests that ALA synthetase is not
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a blotin containing engyme. This conclusion is strengthened by the
finding that, under sther growth coniitiocns which are unfavourseble for
pigment synthesia, the activities of ALA synthetase and ALA dehydrase

are reduced, while the activitiss of other ensymes tested are unaffected.
These findings do, however, suggest that tixa organisms have some mechanism
for controlling the aotivities of theses engymes.

5. Ethionine and threonine, when sdded to organisms illuminated in-
Mixture I, stop bacteriochlorophyll blosynthesis and stimilate the

" production of porphyrins, The amount of porphyrin produced in the
presence of ethionine or threonine is greater than the sum of the
porphyrin and bacteriochlorophyll formed in their sbsence by a factor of
three or four, Ethionine and threonine also give porphyrin production
with biotin deficient organisms and athionim with nicotinic acid sﬁ
thismine deficient organisms, in the gbsence of added vitamins. A large
rumber of related and unrelated campounds have been tested, but none of |
them shows these effects. The sthionine and threonine effects are
specifically reversed by methionine and homouysteine, wh:!.ch strongly
miggests that some reaction of methionine is being blocked, The
threondne effect, but not the ethicnine effect, is also reversed by
homoserine,

6e The origin of the methyl ester group of bacteriochlorophyll has been
investigated. The results show that it is most probebly formed direotly
from the methyl group of methionine. This is probebly the reaction with
which ethionine and threonine interfere. |



7. In cellefyee extracts haemin inhibits ALA synthstame activity:

protoporphyrin and Mg protoporphyrin have no effect. Frotoporphyrin
inhibits ALA dehydrase: haemin and Mg protoperphyrin have no effect,

8  These remltg, together with the remults of other warkers, have
been used to discuss possible ways in which Rps, spheroldes controls
its porphyrin and bacteriochlorophyll blosynthesis.
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