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! ABSTRACT »

Synchronized groﬁth_of Dugiena raetl’s Klebs (Strain Z? was
achieved in rated inoréanic salts medium at 25°C empfoying a 14:10
hr light-dark cycle. ‘The levels of pteroylglutamate derivatives were
detgrmined througholit the cell cycle by microbioloéical assay usﬁng
The levels of pteroylglutamate derivétives increased.rapfdly on'a per
cell basis.during,iilumination while cell numbers remained constant
whereas .in darkness cell numbers were approxumately doub,led ‘and the
concentratjgn of the deriyatives per cell dec]nnéd. Analysnigtaf the
pteroylglutamate pool by'DEAE—ceLluloge column chromatography revealed
that formyl- and mefhy];éteroy1gfutamétgs were rapkdly synthesized

durlng the light perlod ' kn contrast, 'no net synthesis of these

Y

‘compounds was detected durlng the dark perlod Enzyme studies using

cell-free extracts sh9w that the levels of 10-formyltetrahydrofolate

'synthetase serine hydroxymethyltransferase and 5-methyltetrahydrofdlate:

homocystelne transmethylaSe increased on.a per-cell basis during the

A

light phase and decreased during the dark phase. In contrast the 1evels
of 5, !O-metbylenetetrahydrofolate reductase decreased du¥|no the Ilght
phase but increased as the cells divided.

When cells we}e égltured in high €0, (5% in air) for fourTcell
cy;le, theepoof of formyl pteroylglutamates was‘mérkegly decreased but
an accumulation of methyl deriyatives«occurred. This treatment'

appeared to cause }epression of glycolate dehydrogénasg and 10-formyl-

tetrahydrofolate synthetase but gave increases in the levels of serine

Lactobaeiilus ~aaei (ATCC 7URY) and 7odinorceus aepoiiaiae (ATCC B0BT).



hyd;oxywethyltrSnsferasé.‘ These effects were'reversed when sucﬁ cells
we?e subsequently cultured‘in‘jo& C02'70.03? in.air). Culture in the
presence of a-hydrOXY'z‘Pyridinemethaae sulfonate alsotfeduced fdrmyf
pteroylgiutamate poo] siie? the levels of qucoIaie dcﬁ&érogenase and

lO~ﬁgrmyltetrahydroFoLate synthetase,

The effect of high €O, concentratign on 10-fo}myltetrahydrofolate

synthetase was further examined 7» »Ur2> by incubating tfe cells with
sodium ['*C]formate in the presence of high and low CO,. Such feeding

experiments iﬁdicaied tﬁat cells cultured for four cell cyéles in high
€0, had less abi]ify t; incorporate ['“C]formate intg serine than cells
cultured in air but were cépable of producing largeﬂ amounts of *°C0,-
lncoﬁpo;ation of [!“C]formate into glycine, alanine, qlutamic acid and
sﬁgars} was also gffected b9 high C0-. treatments, An enéyn@, catalyzing
the production of formic acid from (-2 of gfyoxylate was found to be
present in.célls cultured under both conditions.

It is concluded that ong—carbon untts, principally at the formyl
level of oxidation, are p}oduced from glycoltate in fugiena. Opera;ion
of'the glycolate pathway and formation of these éne—carbon units appear
to be regulated by the concentration of CO» avqi]abletfo the cells,
Exogenous L-ﬁethionine also reguiéted*;ynthegig‘df formy]ptéroylglutamates
concefvably by its affect on 10-formyltetrahydrp%o!ate synthetase levels.
Under these latter cénditions, the serine Hydroxymethyltransferase
reaction appeared to have more impdrtance in the generation of oné—carbon
units. The significance of these control mechanisms and tﬁe inter-
relationships between pteroilglutémate-med}atbd éne—carbbn mgfabolism

v

and the glycolate pathway in Zuglena are discussed.
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INTRODUCT!ION

Derivatives of H.,PteGlu, a reduced form of PteGlu or folic acid,
act as coenzymes‘in many metabolic reactions (Blakley, 1969). These
coenzymes afé primarily concerned with the tran;fer of one-carbon units
at the oxidation levels of formate, formaldehyde and methanorfand in
transforming ‘these oné—cdrbon units from one oxidation state to another.
In biological materials these Aerivéff;es may be present as such or as
conjugatéd'Forms having various nU@berS’of>glutamic acid residues
attached in y-peptide lihkage.

| PteroylglthmateLdefivatives are now commonly.assayea microbiolog~-
ically using Lactobacﬁllué casei, Streétococcus faecalis R and Pedio-
coceus cerevisiae (Bakerman, 1961) and can con§gniently be fsolated by
DEAE-cellulose chromatégrabhy (Silverman et al., 1961; Sotpbayashi ét
al., 1966). " The occurrehée.ofithese derivatives has now been
_demonstrated ia a wide variety of giologfcal ;ystems. In Saccquomyces
cereugsfae, a large proportion of the derivatives are conjugated .and
contain more than three giutamate residues (Schertel et aZ.? 1965; Lor- -
and Cossins, 1972). The major,compounds were S-methyl derivatives with
lesser ;moﬁnts of 5- and 10-HCO-H,PteGlu. In most animal tissues
(Cropper and Scott, 1966; Noronha and AbOOBékér, 1963) and higher plants
(Roos et al., 1968; Shah et al., 1970: Roos and Cossins, 1971; Rohringer
et al., 1969) 5-CH3-H4PteGlu and its conjugated derivatives"are commonly
the principgl_components pf the pteroylglutamate pool. There was no
detailed information on tée occurrence of such derivatives in algae,

until the present work (Lor and Cossins, 1973) revealed that in Euglena

]



20
gracilis, highly conjugated methyl and formyl derivatives were major

components of the pteroylglutamate pool at all.stages of the cell cycle.
. “

Source of oné—mﬂﬁcm Wi ts Sor the pteroylglidarnate podl

Scheme 1 summarizes the major reactions now known.to be involved in
oxidation and reduction Qf the activated one-carbon units within fhc‘
pteroylglutamate pooi. It is generally believed that the major )
biologicql sources of such units.are serine, formate and glycine.

Serine hydromeethyltransFefase (Scheme 1, reaction 1) which
catalyZesvphc.rever§ible formation of 5,}O-CH97H9PteGlu:and glycine from
serine and H,PteGlu is thought to be the first reaction in the synthesis
of the majority of one-carbon units in aﬁimals. This enzyme has been
detected in bacteria (Wright, 1955), blants (Cossins and Sinha, 1966;

) . : .
Clandinin and Cossins;_|972), and in animal tissues (Blakley, 195h;
Chan'and Schirch, 1973). As a result of this reaction the B-carbon of
serine may enter the pteroylglutamate pool at the hydroxxmethyl level
of oxidation. Formyltetrahydrofolate synthetase (Scheme i, reaction &)
has also been detected in a large nﬁmber of microorganisms, plants
aﬁd animals (Blakley, 1969). The normal physiological role of this
éﬁzyme is generally belfeved to be the synthesis of metabolically active
one-carbon unitsvfrom formate (Grecnbérg'et al., Y955; Whiteley et
al., 1958) in a reacfioh reqﬁiring ATP (Blakley, 1969)7 Several
bacterial spécies thch utilize purines for growth (Rabinowitz and
Pricer, 1962; Wniteley - al., 1959) have high levels of this
syhthefase.v In other bacterial species, thi;‘aétivity is 10Q or ﬁot
detectable (Whiteley ez al., 1959; Albrecht and Hutchinsbn, l9$b).\)lt

.should be emphasized that the actual importance of this enzyme in
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metabolic generation  of actiye one-carbon units has not really been
clearly established, pakticularly as IO-HCO-H“PteGlu can be readify’
generated by oxidation of 5,10-CHa-H,PteGlu in the S,lO-methylénetetra-
hydrofolate dehydrogenase reaction (ScHemé'l, feaction 2). |
'In Escherichia coli, Peptococceus glycinophilus and mammalian liver,
Iglycine mblecules are cleaved in a reactian (Scheme 1, reaétion 5)
invo'l\;ing HyPteGlu and PALP to yield €Oy, NH; and 5,10-CH,-H,PteGlu
(KawOsakiset al., 1966; Sato et al., 1969; Motokawa and Kikuchi, 197t;
Yoshida and Kikuchi, 1970; Yoshidq and Kikuchi, -1971; KL?in and Sagers,
]966ai5)."fﬂéréhfé-somé-évidence that éucﬁ a-ébiifting-réacffon 6$y7
also occur in plants (Sinha and Cossins, 1964: tossi65 and Sinha, 1966;
McConnell, 1965; Clandinin and -Cossins, 1972L. In this conaection the
reaction has been implicated in the glycolate pathway (Tblberf and
'Yama}ak{, 1969; Bruin et al., 1970) and in photorespiration (Kisaki and
Tolbert, 1970).. The possible significance of this-reaction in plant
metabolism will be described in a Iater-sectién‘ofKthis lntroductioni
’ In ear]y Sésic studies of one-carbon metabolism it was also shown
Ehat several other compounds could serve as sources of one-carbon units,
These included the mefhyl groups of choline, acetone, dimethyléchinq
‘and sarcosine (Seigel and Lafayé, 1950; Mi;omaland Greenberg,‘l952;
Sakami, 1949; Siekevitz and Creenberg, 1950; Sakami, 1956; MacKenzie,

“1950; MacKenzie and Abeles, 1956; MacKenzie and Frisell, 1958); the

formimino groups of formiminoglutamic acid and formiminoglycine (Tabor-
) . . p

and Wyngarden, 1959; Rabinowitz and Pricer, 1956).

~

Metabolic interconversion of H.PteGlu derivatives

Derivatives of HyPteGlu are known to be freely interconverted
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through several enzyme-mediated reactions” Tfe key reactions invol.ed
y . . 0l 0

K

are summarized in Scheme 1. . e . ™
-,

_In the presence of NADP and 5,10-methYyiene-H,PteGlu dehydrogenase,
. 'y
5,10-CH,-H,PteGlu, formed from free formaldehyde, C-3 of serine or C-2
. > :
. .
of glycine, may be oxidized to 5,10-CH=H,PteGlu (Scheme 1, reaction 2)

&
(0Osborne and Huennekens, 1957; Uyeda and Rabinowitz, 1967a; Wong and

PS
Cossins, 1966; Cossins et al., 1970). Partial purification of 5,10-
CHz-H,PteGlu dehydrogenase from yeast (Ramasastri and Blakley, 1964),
Escherichia coli (Donaldson et al., 1965), calf thymus (Yeh and

Greensefé, féGS);‘S&ZhbneZZd‘thyph%hﬁfiumV(Déla]-éqd éaf§; l967)vénd

pea seedlings (Cossins et al., 1970) have been described ErL some
properties of this enzyme have been investigaxed.. Hydration of 5,10-
CH=H,PteGlu usually occurs to 10-HCO-H,PteGlu (Scheme 1, réaction 3)
by action of cyclohydrolase (RabinoQitz and Pricer,2|§56; Tabor and
Rabinowitz, 1956; Tabor and Wyngardgw, 1959) .

Reductﬁon of S,IO-CHz-HuPteG]u'to S-CHg-HuPteGlu (Scheme 1,
+ reaction 6) in the.presence of reduced-pyridine nucleotides is a key
reaction in the biogenesis of methy] groupé. 'The'equilibrium of this
reacgion, catalyzed by 5,10-CH;-HyPteGlu reductase; strongly favors the
formation of SjCHg—HuPteGlu'(Katzen and'Buchanaﬁ, 1965) . ‘The reverse
rééction can be greatly accelerated by electronuggcepting compounds such
é§ menadione (Donaldspn'and Keresztesy, j962)1' Undér physiological |
conditions, the reaction .is practically frreversible andbrecycIing of
HyPteGlyu can only take place as a result of a homé;ysteiné-depehdent
transmethylation reéction (Scheme 1, reaction 7; Herbert and Zalvsky,
1962). T;e reductase has beén.detected iﬁ the TiQers of various

I

vertebrates (Katzen and Buchanan, 1965; DoAaldson and KeresZtesy, l962§



- .
- ‘ . 7
¥
Kisliuk, 1963; Kutzbach and Stokstad, 1967), and in certain bacteria
.(Hatch et al., 1961; Cathou and Buchanan, 1963; Kisliuk, 1963). When
@ : .

shighly purified the enzyme displays a specific requirement for FADH

(Cuost ct al., 196h; Foster ct al., 1964), NADH only serngdfé? a
reductant when present with FAD and lipoamide dehydrogenase (Katzen and
Buchanan, 1965). In this regard, it is generally agreed that FAD is'
bound to the enzyme in vivo, |
S—HCO-HgPteGlu cYclodehydrase, catalyzing the synthesis of 5-HCO-

H,PteGlu from 5,10-CH=H,PteGlu, although present in several species

,(Péfgps arid Greenberg, 1957; Greenberg ct al., 1965; Kay et al., 1960)

has not been so extensively sfudied. The -interconvertibility of 5-HCO-
H,PteGlu and 10-HCO-H,PteGlu by a mutase has been repérted by Greenberg
(1954) and Investigated further Ey Xay et al. (1960). 5-HCNH-HyPteGlu,
formed. by metabolism of purines (Rabinowitz and Pricer, 1956) and

histidine (Borek and Waelsch, 1953), is readily deaminated and converted

“to 5;10—CH=HuPteGIu by the enzyme formiminotetrahydrofolate cyclodeamin-

hl
. . B
“lostridium eylindroeporun

ase. The latter has been purified from

(Rabinowitz and Pricéﬁzfl956; Uyeda and Rabinowitz, 1967b) and mammalian

.Yiver (Tabor and Rabinowitz, 1956; Tabor and Wyngarden, 1953) but has not

been studied in plants. The Hy4PteGlu de;ivatives formed by these enzymic

'intertonversions are commonly involved in supporting the syntheses of a

-

~wide variety of cellular constituents as noted in the next gection of

this Introduction. B .

Metabolic functions of common H, PteGlu derivatives
One-carbon units dorated by varidus pteroylglutamate derivatives

pléy key roles in the synthesis of certain amino ‘acids as well as
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contributing Igss dirgctly in the methylation of a.wide Qariety_of
cellular constituents., In purine ring biosynthesis, the H,PteGluy
derivatives play an important role as donors of carbons 2-and 8
(Buchanan and Haftman,‘1959). ‘HuPteGlu dqrivatiyes arevalso involved
in the introduction of one-carbon units in th? synthesis of thymine,
5-hydroxymethylcytosine and S-methyluridine (Whié}aﬂer”éad Blakley,
1961; Flaks and Cohen, 1959; Maley, 1962). |

\

'Parficipation of HyPteGlu and 5,10-CH;-H,PteGlu Lﬁ freely reversible
interconversions of serine and glycineAc;talyzed by serine hydroxymethyl-
transferase have been demonstrated in a wide variety of drganiéhs
(Blaktey, i969) aird has been noted earlier in this Introduction. 5=CH;-
HyPtéGlu or its polyglutamate derivatives are instrumental in the
biosynthesis of methionine from homocystéine in a reaction catalyzed by
5-CH3-HyPteGlu:homocysteine methyltran%ferases. Two distinct systems’
for this have been destribed, one involving vitamin By2 and the other
proceeding w{thout this vitamin. In the vitamin Bi2 system, 5-CH3-
HyPteGlu tri- or monoglutamate are effecti@e methyl donors to homo-

cysteine., Besides vitamin By, the reaction also has requirement for

catalytic amounts of SAM: \ ’ ' ) -

§5-CH3-H,PteGlu - tri- (mono-) glutamate + homocysteine

vit. 312’ H,PteGlu + methionine

’ SAM .

In the non-vitamin B, system, only glutamyl'conjugates of 5-CH3-H,PteGlu

are effective substrates. Vitamin B;, and SAM are not required:

S-CHg-HtheGlu(

n>1) + homocysteine ~ HyPteGlu + methionine



The vitamin B, system has been observed in mammalian liver extracts
(Sakami and Ukstins, 1961; Mangum and Scrimgeour, 1962) but both systcms.
have been observed in Escherichia coli, Aerobacter acrojenes and
Salmonella typhirmrium (Woods et al., l9g5; Morningstar and Kisliuk,
1965) . A'non-vitamfn Bi» transmethylase has been detected in extracts
of Euglena gracilis (Milner and Qeissbach, 1969) which is somewhat
surprizing considering the vigamin B2 fequirement for growth of this
species. In work with germinating pea cotyledons, Dodd and Cossins
(1969, 1970) showed that a homocyste{ne-dependent transmethylase with a
high affinity for 5-CH3-H.,PteGlu had importance in the de novo synthesis
of methionine. Rethionine arising ffgm these reactions may be converted
to S-adenosylmethionine by ATP:L—methibnine S-adenosyltransferase (E.C.
2;5.1.65\kMudd, 1960; Dodd and~Cossins? 1970; Cédtoni, 1965). SAM then
fqnctioﬁs,és an important source of methyl groups in a wide variety of
transmgéthylation reactions including methylation of thNA (Mandel and
Borek, 1961), DNA (Gold and_ Hurwitz, 1961),. libids‘(Bremer and Greenberg,
1961). as well as biosynthesis of 1ignin, pectin, chlorophyll and

quinones (Byerrum et al., 1954; Sato et'‘al., 1958; Radmer and Bogoréd,
1967; Threlfall et ai., 1967).

In work on the pafhway of histidine biosynthesis in microorganisms,
it has been shown that 10-HCO-H,PteGlu plays a key roVe by donating one-
carbon units for C-2 of the imidézdle ring (Meister, 1965). 10-HCO~-
HyPteGlu is also an important formyl Jonor in the Formylatioﬁ of”
methidnylétransfer ribonucleic acid (met-tRNAf).(Dickerman.et al., 1967),

a reaction of importance in the initiation of polypeptide synthesis.

: ?
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Possibii:[élationships between one-carion metaiolism and photosynihetic
earbon metabolism

Glycolic acid is a ubiquitous product of éarbon dioxide fixation via
the photos;nthetic carbon reduction cyclé (}olbert, 1963). Details of"
the metabolic fate of this compound in photosynthetic tissues were
sought initially in higher plants. It has now been established that the
Qlycolate pathQay (Scﬁémg 2)>is an important route in higher plants for
flow of photosyniheticaliy fixed CO, into hexoses (Tolbert and Yamazaki,
1969) .

Recent investigatiohs have éhbwn.that-the nycolété péthway
functions ‘in algae and that glycolate can either be metabolized via
the pathway or released from the cell dep:nding on the growth conditions,
The glycolate oxidizing enzyme in algae faiT; to utilize oxygen as the
electron accepfor and has been designated glycolate dehydrogenase to
distinguish it from £he glycolate oxidase of higher plants. The natural
electron eptor for algal glycolate dehtdrogenase is still unknown
(Merrett and \ord, 1973). Studies of highér plants have shown that the
enzymes of glycolate pathway aré mainly localized in the peroxisomesA
”-with some exceptfékg which are associated with the chloroplgstic and
cytoplasmic fractions (Yamazaki and Tolbert, 1970). There is evidence
indicating that the glycolate dehydrogenase of Euglena (Lord and -
Merrett, 1971; Graves et ai., 1971a,b) and of Chlorella (Codd et al.,
.1972) are localized in microbodies distinct from chloroplésts or
mitochondria,

These investigations'of the glycolate pathway fn higher plants and
algae tend to imply that pteroylglutamate derivatives participa;e iq the

metabolism of carbon recently fixed in photosynthesis., It is generally
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Photosynthetic carbon reduction cycle
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. claimed that an essential s'tep of the'pathwqy is an overéll conversion

of glycine molecules to serine and CO,. Tolbert and Yamazaki (1969)

have shown that é)ycine-l“c and other early inteﬁmedintesrof the
glycolate pathay can be metabolized to seréne by photosynthesizing

plént tissuegﬁl_The intramolecular distribution of '“C in serine

produced frbm.;his and rélated precursors suggesth that such conversion

'involyed two dis;inct réactions, decarboxylation of glycing and.gynthesis
of serine (Rabson e;AaZ.,’1962; Wang and Waygood, 1962; Wang and Bur;js,
1963; Sinha and Cossins, 1964; Miflin et aZ,; 1966; Bruin et al., 1970) .
Studies of the biYEine tc'serineféonVéfSinnfby:§E7néch'pkepérat?ons'm-
(Kisakilet ai.,-1971) resulted in the proposal that glycine is first
split to form 5, IO ~CH,-H,PteGlu, CO; énd ammonia by glyciné dccarboxylase.
A Second molecule of glycnne would then condense with 5,10~ CHz HuPteGlu
to form serine. in the serine hy¥roxymethyltransferase reaction. <Clearly,
therefore, S,lO-CHé-HuPteGIu'prodpcéd in thebglycine decarboxylase

‘ » ‘ ‘ : : v oy’

reaction may exchange wigh the general one-carbonlpool'or be utilized,
apparentlf preFerentially, in the biosynthesis of serine.

| Tne.g}ycine deca}boxylase reactfbn is also thought to be the major -
réa;tion prodd&ing (oo erlved‘in photorespiration (Tolbert, 1963;
Tolbert et al., 1968; Tolbert and Yam’az;kz, 1969; Kisaki. and Tolbert,
1970 Bruin et aZ., 1970) Iught dependent process which encompasses

'the uptake of 0, and release of C0, aSSOC|ated wuth photosynthesns

Alternatlve pathways of glycolate metabollsm besudes the conversion of °

~
-

glycune to serlne,'could also result in the product?gn of €O, and
syntnésjs of one-carbon units. Fpr example,‘ényelope-free spinach
chlofoplgsts have been Shown'tovcarry out the oxidative decarboxylatioa

of glyoxylate to yield 1 mol each of €0z and. formate (Zglitcﬁ,'l972a);

~
L8
o



.

1

Such formate could conceivably enter the one-carbon pool as a result of
!

]O‘HCO'HhEtﬁGiU synthetase activity. The amount of CO, released in this
. v )
decarboxylation is, according to Zelitch (1972b) more than sufficient to-

account for the observed rates of CO, released in photorespiration than

that'atcompanying the synthesis of serine from glycine in higher plants.

A -~

- In algal species, glycine-serine interconversion is well established

DTN

ssfor Chlorella pyrenoidosa (Lord and Merrett, 1970),'Ch1amyd0monus (Bruin
et al., 1970) aﬁd EFuglena gracilis (Codd‘and Merrett, 1971), On the

fqthef hand, gT?éThé‘deéérboxy1ase and the enzymatic decarboxylatiohAoF
glyoxylate in 1uch93rganisms have not yet been studied. ~Although
enzymes such as lOfHCO-HuPteGlu synthetasé and seé]ne hydroxymethyl- 
transferase have recently been detected in extracts of Fuglena graéé}gs
cells (Murray et al., 1971; Lor ané Cossihg;vf973), it is not yet knowg'
'whe@her\glyéiyl;te or glycine is the major Cz-unit from whiéh one-carbon
unit§4are derived during operation of the glyéolaté pathway.;

’ ActiVéted one-carbon groups can also be formed from tie\carbon 3 of
§erlné,§y herine bydroxyme£hyltransf7rase. S, h serine could a;?se
Qithjn another'cellqlar compartment fro- jlycolate pathway or form 3-
'phosphoglycerate, synthesiZed by-qperation = ;hg photosynthetic carbon.
reduction cycle. The significance of the latter roufeifor serine
synthesis has. not been evaluateh iﬁ highef plants or aléae particularly
under ;onditions where the glycoJatg pafhway would‘be ieoperative due §S<
repres§7on of glycolate dehydrogenase. Repression of glycolate dehydfo-
genase by high CO, has beendwell documented in Chlamjdomonas and Euglena.

.

(Nelson+and Tolbert, 1969; Codd &t al., 1969).

>



Regulation éf'one—carbon metabélism : ’

Most information on regulation of one-carbon metabélism comes from
detailed studies of bacterial species. Such studiesAhave shown that
ohe—ﬁarbon metabolism is finely regulate% through control™of sevénaj
pteroYlglutamate-dependent enzymes . FuEthefmoFe, i% is now clear t%;é"
various aspects of one-carbon metabolism, including thg biosynthesis of
purines, thymfdylat; and methy]l groués; may be independently régulated.
. In this connection, formy]tetrahydrofdl;te synthetase, a key enzyme in
- purine biosynthesis,'iS'in&uced by formate and histidine in_M%croccccus
aerégenes ‘Whiteley, 1967), but is repressed by purineé in Streptococcus
fbecaliév(Albreéht,and Hutchinson, }§6h)'and by PteGlu in Lactobacillus
casetl (Oﬁéra and}Sﬁlber, 1969). In Excherichia éoli, wﬁere one-carbon
units for purine synthesis are mainly derivéd from serfne, it was.found
(Taylor et al., 1966) that ATP, ITP and.GTP inhibited éhé activity of

. | .

5,10-CH,-HyPteGlu dehydrogenase. leycontrast, this' enzyme is fepressed

by serine in an amethopterin-resistant strain of Streptococcus faecalis

(Albrecht etfal.,\J966). Repression of dihydrofolate dehydrogenase by
thymidine~in.ﬁifd- ype and trimethoprim-resistant strains of &, colZ

(Burchall and Hitchi

0w

, 1967) may have physiologiéal impdrtance‘in the
regulation of the reactions whic¢h™1ink one-carbon metabolism ana
thymidylate biosynfheéis.‘ Regulation of.methyl-group biosynthesis is
relatively well documented. Fg} ;Qample, in E, coli the biosynphbsis;of
methionine, and thgrefdre also of SAM, appears to.be regulated through
repression of S,LO-FHZ-HuPteGlu reductase by methionine (ROwbur?rand
Wood, 1961). In Saccharomyces‘cerevisiaé, 5,10-CHz2-HyPteGlu reductase

and 5-CH3;-H,PteGlu: homocysteine transmeth&lase are respectively

inhibited and repressed by L-methionine (Lor and Cossins, 1972). Very

¢
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lirtle information on‘the regulation of one-carbon metabolism has been
reported in photosynthetic tjssues. However, product inhibétion of
S-CH3-H;PteGlu;h0mocysteine transmethylase by methionine (Dodd and
Cossins, 1970) and inhibi;}on of glycine decarboxylase by methionine and
5-CH3-H,PteGlu (Clandinin, 1973) have been reported for one higher

plant species.

Present investigétion
It s clear ffom the above‘reyiey‘of thgnyitgfapure Peftaining to

various aspects of one-cafbon metabolism tﬁat the ;éssible metabolic
role of pteroy]glutaméte derivatiVe;-in photosynthetic systems have, to
date,.been mainly stﬁdied in vitro and consequently the physiological
sigﬁificance of these rolés in vivo Haé not been completely evaluaged.
As mentioned eartier extenéive studies of the gl;cofate pathway and_
phétoréspiration Have pointed to an involvement of pteroylglutamate
.derivati?es in these areas of plant metabolism. Elucidation of the

possibie relatLOnéhips Eetweeh one4c;rboh metabolism and phgtosynthetic
fixed carbon would be of parficular interest in a photosyézfetic micro-
organism maintéined in defined media. FEuglena gracilis appeasr to be
fairly unique among unice[lular photosynthetic organiSms,‘in that it can

.8
be maintained‘$% division synchronized culture, both photoautotrophically

-

and heterofrophically. In gddition, there HaVé been a number of detailed
ihvestigations on biocﬁemical cﬁangeé during the cef1~cycle (Cook, 1961;
Edmuhds, 1965a,b; Codd and Mérrett, 1971a,b) some of which implicate
~one-carbon metabolism. Preliminary experiéents in this a}ea by the
. ' 4 .
author charactérized the pteroylélgtamate derivatives of E. gracilis
“and méasuréments of pteroylglutamate pool sizé were made during‘thé'E¢lf

-.:’ -
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cycle,

In view of the evidence that glycolate dehydrogenase, a'firét
enzyme in the glycolate pa!hway;.is repressed by high concentrat?ﬁﬁb\:f
C0,, further studies were undertaken to examine the effect of these
conditions on‘pteroylglutamate pool size and the activity of Rey enzymés
of one-carbon metabolism. Using this sy3tem, an evaluation of the
contribution made by photosynthetic intermediattes to the one-carbon poqf
was attempted.. In addition, the possibig regulation of this source of
--one-carbon-units by>C02~concentrati§n-waS~considereda -The present -
st@dies have shown that considérgble alterations in pool size occurs
when C0> concentrations are alterea. Parallel enzyme studies.
demonstrated that high.concen;rations of Cbz repressed the syhthesfs of
glycolatg dehydrogenase and formyltetrahydrofolate synthetase; Under
such conditions, the méjpr route‘for the generation of Qne—carbon.units_
appeared té involve sefine hydroxymethyltransferase. . Experiments using’
[l“C]Férmaté éupported the hypothesis that in E. graéilis the géneratidn
and‘subsequent ﬁetaboiism of one-carbon units is regulated by the -

‘concentration of CO; available to the cells.



MATERIALS AND METHODS

Mﬁtefiq;s

Chemicals. «-Hydroxy-2-pyridinemethane sﬁlfonate was purchased
F;om Terochem Laboratories Ltd., Edmonton; Alberta, Canada. ['“C]Formate
[éfl“é]PteGlu acid, [methyZ4l“C]-5-CH3-A“PteGlu,v[l-I“C]glyoxylate,A
[2—1“C]glyoxylate‘and L-[3-'"C]serine were purchased from Amer sham-
Séarle Corporation, Des Plgines, I11inois, U:S.A.~ Other chemicals, of "

the highest quality commercially availéble, were purchased from

TR

Nutritional Biochemical CorpOration,‘CJeveland, Ohio, U;S,A., Sigma
Chemiéal Company, St. Louise Mo., U.S.A., and Fisher Scientific Co.,
Edmonton, Aiberta, Canada. PteGlu acid and tetraﬁydrofoiic“écid were
purchased exclusively from Sigma Chemical Company. ‘Scintillation,grade
2,5-d[phenyloxaz§1e (PPO) and l,b-bié;[h-methyl-5-phen¥loxazbl—2-yl)-
'benzehé.(dimethyJFPOPOP) weré,pﬁrchased from Nuclear-Chicago, bes
Plaines, Illinois, U.S.A. Cylinders of air ;Qntéjning 5.0 + 0.1% €O,

were purchased from Matheson of Canada, Ltd.

Preparation of Euglema culture media

Thé inorganic salt medium (pH 6.8) of Cramer and Meyers (1952) was
used Qith.some modification. The composition of this medium is-shown |
in Table l; The vitamin B, sé]dtion wasnsferilizéd separately and
agded to thé stérife.mgdium after it had‘coolea. All‘steri]izatIOns were
preforméd in standard gfeam autoclave at 15 lbs. psi. The media were

" maintained at Ehis pressu}e for 15 minutes.

18 -



TABLE 1. Composition of the culture medium for Euglena*. .

==

Component | : - . mg/)iter

" (NHy) 2HPO,, B . 1000
KH2 PO, , © 1000
MgSO, *7H.0 . . 200
CaCl, . 20
Na3CeHs0722H,0° ~ "~ = 800"
Fez(SQu)é'SHzoi : , o Y
MnCl 2+ LH20 | | | . 1.8
CoClz-6H20 L 1.5

| ZnS04 - 7H20 ; o 0.4
MoOs -« | | . 0.2
CaSOu:Ssz' : 0.02
Thiamin-HC1 IR 0.2
Vitamin B> - S 0.0010

PR

*The mediuh of Cramer and Meyers (1952) was modified by raising the
concéngrations of vitamin B, ahd'thiamin-HCQ‘from 0.005 mg/liter and

0.1 mg/liter réspectively.

-~
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Solid media for maintenance of Euglena
¢ : )
5 g of Difco Bacto-Agar and 5 g Bacto-Peptone (Difco Laboratorijes,

Detroit, Michigan, U.S.A.) were suspended in 400 ml of water in a 500 ml

‘.Erlehmeyer flask. The flask was plugged with cotton and heated on a

boiling water bath until the agar was completely dissolved. The volume

“

was then adjusted fq 500 ml with distilled water. A pipetting syringe
) was used to dispense the agar-peptone solution (10 m1) into fifty 20 x

150 mm cudture tubes with scréw‘caps. Following autoclaving fot 15

* minutes at -15|1bs, psi, they were cooled in-a slanted position and. -

stored at 2°C.

.Culture of Euglena gracilis,.:

Eugleéna graéilis‘Klebs.(strain.Z).was obtained from the Amer{can~
Type Culture Collection, Rockville, Maryland, U.S.A. (ATCC 12716). The
‘originéi culture strain was maintained axenically on agar slants aﬁd
transferred monthly. . Autotrophic cultures were grown axenical]y in
4 1 flasks containfng 3.8 1 of. Cramer and Meyers (1952) modified
inorganic salts.medium (pH 6.8). The culture flask was plaéed on a
‘magnetic stirrer and a siphoning device was attached. Moistenea §terile
air or 5% Gﬁ:-in air was bubled through the ﬁulfure uéing a fine
sintered disc at fheffate of 600-700\ml/mip as measured with a ﬁotameter
gas flowmeter (Rogér éilmoﬁt Instruments, Inc., N.Y.). Aif circulation
was maintainéd by a small Neptbne Dyna Pump (E?sher Scientific Co. gtd.,
panada). The éir flow was éat@rated with distilled wafer, and sterilized
by passage through a.series of two stériie glass-QooI filters. At the

‘'start of each experiment the medium was inoculated aseptically to give an

initial concentration of ca. 3 x 10% cells/ml using a sdbculture which
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-

has been grown synchronously for 5-7 days (0.03% CO; in air). All
cultures on solid and .liquid media were maintained in a growth chamber
at 25°C with a 14:10 hr' light:dark cycle. The light intensity of

approximately 3500, lux was provided by'icool white! fluorescent lamps.

Measuremerit of cell numﬁer

Growth of Euglena cells and degree of synchronization were
monitored by méasuremént of céll numbers, At intervals of 2 - 3 hr
‘fhroughout the experimeqts;“samplgsr(IQ‘m[) Qefg_remoygd by a siphpning__
.dévi;e. Four'drops of 37% formaldehyde solution were added to fixvthe
cells.l Cell counts were made within 48 hr after collecting the samples.
Beforeldetefmination of cell number, 0.25 ml of 0.5 M NaCl was added to
each 10 m! of Euglena culturelfo‘fender it 0.9% (w/v) saline (Edmunds,
l965a) aﬁd the cells were counted in a Coulter. counter Model B with the
segti;gs_o% lower threshold 10, uﬁper threshold IOO, 1/amplification 4
and 1/aperture current 1/2, Dilution.of samples was made with 0.9%

(w/v)‘saline to give cell concentrations within the range of 3 - 10 x

10%/0.5 ml of sample.

Extraction of.pteroélglutamate derivatives —

Pteroylglutamate derivatives were extracted from'Euglena cells by
‘the methéd of Bird ef aZ..(1965); with slight modifications. For
énalysis of;tqtalipte;oylg]utamates, 300 ml of culture:TS x 10" - 1 x
‘105 cells/ml) weré withdrawn at dff%érent stages .of the cell cycle, and
the cells were harvested by centrifugatfon at 4,000 g for 10 min in a
SeryalllRefrigeféted Automatic Centrifuge operated at 2°C. vThe.cells

were then washed once in 1% K:ascorbate buffer (pH 6.0)'followeq by. .

resuspension in 2 ml of this buffer. The cell suspenéion was immediately

’ g ¢
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heated to 100°C in a water bath for 10 min and after cooling rapidly to
heg was sonieated at Z;C (10 pulses of max imum power output, 15 sec each
at 2°C, Fisher Ultrasonic Generator, Model BP0, Blackstone Ultrasonics
Inc., Sheff}eld, Pa.; U(S.Ai). Cell debris and deg@?ured protein were
removed. by centrifﬁgation at 18,000 x g for 20 min. The supernatant
was'd{luteé two-fold usihé 1% (w/v) K ascorbate (pH 6.Q).
Mié;obiologicai assay
_ P;érgylglutamates wgrerméasuredrby ;he 'éseptic plus,ascorbatéi
method of Bakerman (1961). Lactobacillus casei (ATCC 7469) and
Pedﬁococcus cerevisiée (ATCC 8081), purchased from the American Type
Culture Cbilec;ion, Rockvitle, Mary]and, U.S.A., were used as the assay
bacteria. As these bacteria requirevpteroyiglutamates for growth in
defined media, the level of these compounds could be det::::ned by =
measurement of growth (Jukes and Stoks!.h; 1948; Freed, 1966). Bacterial
‘groch was measured by titration ofithe lactic -acid produced after 72 hr
incubation at‘37°C;{Roos é# al., 1968). Reference curves.were

A

constructed_us%ng authentic PteGlﬁ'For L. casei and S-HCO—HuPteGlu for
P, cerevisiae. | o
Assay of polyglutamyl derivatives

Because pférpylglutamyl derivatives with mofe than three glutamyl
Tesidues do not‘support the growth.of either L. casei or P. éerevisiae,
their éssay Tnvélved_prior hyaroiysﬁs using a Y-ngtamy] carboxypeptidase
(B]akiey, 1969). A Y?glutamYI carboxypeptidase from 3-day-old pea
cotyledon; (Roos and Cqssins, 1971) was f;ﬁtine]y used in these studies,

' The pea cotyledon hydrolase was prepared as described by Roos and

Cossins (1971). The reaction mixture included 0.1 M sodium acetate
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buffer (pH 4.5) containing 1.0% {(w/v) K ascorbate.. Enzyme activities
were routinely checked by using Difco-Bacto yeast extract as substrate
(Roos and Cossins, 1971), Enzyme activities were confirmed in all cases

by fncluding reaction systems containing boiled enzyme.

Chromatography of pteroylglutamate derivatives

Pteroylglutamate derivatives were separated by DEAE-cellulose
column chromatography (Roos and Cossins; 1971). Aliquots of extracts,
contai+ approx}mately 0.5 pug of pteroylglutamates, were applied to
‘the DEAZ-cel ilose columns. (20 cm x.L,B.cm)'and the derivatives were
eluted by using a‘continubus concentration gradient of potassium
phosPHafe bu‘fer (oH 6.0) in the presence. of gscorbate (Roos and Cossins,.
1971). Fractions of 3 ml were either assayed immediately with L. caset
and P, cerevisige or were stored in a frozen state until required.
Indfvidual derivatives were identified on the basis of criteria used

earlier (Rods and Cossins, 1971; Sengupta and Cossins, 1971) .

Sodium [%C]formate feeding experiments

Eug}enafcells, grown in the presence of air and 5% C0, in air, were
harvested during the 4th cell cycle and‘resuspehded in 15 ml of fresh
inorganic culture media in large cu]turevtubes. The tubes were aerated’
with air or 5% CO, in air and illuminated from above (2000 ft.q) with a
mercury lamp for a 3 hr equilibration per%od.gﬁ 25°C. 'Followiné this,
ZIO uei of-sodium [I"C]fofmate (59 ucf/umo{) were added to the cultures
and.incubation was continued For up to 5 minutes. Evolved 1%c0, was
absarbed in 15 ml of 20% KOH solution contained in a tube connected to

the outlet air line of the culture tube. The cells were harvested-

after the required feeafng period, and washed twice with cold sterile
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»

demiheralized water to remove excess ['“C]formate. The cells were then
SUSpéhded in 2 ml of 1.5 N perchloric acid and sonicated for 2 min at
L°C. After centrifugation at 18,000 x g for 10 min, the residue was
washedf;ith about 3 ml of ice cold demineral ized water, The pH of the
combined supernatants‘waé adjusted to 6;3 by addition of solid KHCO,,.
Aftt{a iurther centrifugation at 18,000 x ¢ for IO‘ min, ‘the superhatan‘ts
weqéﬁfgactiohated }nte amino acid, organic acid and sugar fractions by’

‘use of ion exchange resins (Canvin and Beevers, 1961; Cossins and

Beevers, 1963).

Aczd hydrolysis of insoluble res ﬁue
The samblesaof the insoluble residue obtainee above were suspended
fn 3 ml 6N HCl. Hydrolysis of such samples was carried out in sealed
evacuated tubes at 145°C.for 45 hr. The hydholyéate was filtered and.
dried in vacuo at 46°C on e Buehler flash-evaporater. The dry residue
was then rediesolved in 10 m] of distilled water and again brought to
dryness, The process was repeated until fhe,hydrolysate was acid-free,
. Protein amino acids phesent in the hydrol&sete were_theh recovered by

4 + .
ion exchange chromatography using Dowex resin in H form as described

‘below.

Analysis of amino aeid pers

Levels of free amino aeids in.EugZena extracts were determined
~using a Beckman Autohatic Amino Aeid Analyzer, ﬂodel lZi. For.such
analyses, synchroni;edAcuTtures were hérveséed-at the 4th cell cycle
by centrifugation, washed and resuspended in 2 ml of demunerallzed water,

The suspensnons were then sonicated and heated to 95° C for 10 min.

. Denatured protein and‘cellular debris were removed- by centrifugation,

2
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and the supernatants‘were passed through columns (1 x 6 cm) éf Dowex* ‘
50W-X8 (Q+ form) which were subsequently washed by 50 ml of demineralizedln
water followed. by 50 ml of 4N HC1. The 4N HCI effluent céntaining the
amino.acfds was collected, dried in vacuo at 40°C, énd finally re-
:dissolved in 2 ml of 0.2 M citrate buffer  (pH 2.2); Aljquots of this
amino acid extract were analyzed using UR-3 nd PA-35'spherfcaI reéfné
(Beckﬁan Instruments Inc., California, U.S.A.). The eluting buffer fo?
separation of the neutral and acidic amino acids was 0.20 M citrate at
pH 3.22 and 4.25. The basic amino acidé were eluted from PA-35 resin
--uskﬁg 6.35 M cifféte (ﬁH 5.25).4 The“pH value; of ail.bdfféfs‘wé;em |

measured at 22°C and elution was-carried out at 53°C, at a flow rate of

70 mi/hr.

For_aetérmination of radioactive amfnb acids, the 4N HCITeffluent
from the Dowex 50W-X8 H‘+ column was dried in vacuo at Lo°c and ré-
‘dissolved in 1"- 2 ml of 0.2 M citrate buffer (pH 2.2). Aliquots of
this were subjected to amino acid analysis, 'The amiﬁov;cid; were.elut?d
by the bufféri mentioned above but in thisléasq_JLé effluent was
collécted in fractions o% 1.9 mlvusiég a fraction co]leclor. The

| . .
elution pattern of the amino acids was determined by using an authentic

. D

amino acid mixture as reference. The collected fractions were reacted
with ninhydrin in the fractions collected to confirm the elution
sequence of different amino acids. For further confirmation, the amino

acid extracts were co-chromatographed with authentic amino acid and

analyzed by the same method.

. Counting of radioactive sampZes”}
_Radioactivity was measured in a liquid scintillation counter
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(NucTear Chicago Corp., Unilux™1 model). Aliquots (0.1 - 0.5 ml) of
: ~
the labélled samples were counted in 15 ml of fluor containing 12 g

of_PPO and 0.5 g aof POPOP to each liter of a mixture of'dioxane:anisoie:
dimethoxyethdné (6:1:1 by v;lume). ‘A:counting efficiency ot approximate-
ly 75% was obtained as determined 5yla 1"tholuenel'internal standard.
14C0, absorbed in kOH solution and radioactive areas on thin layer
chromatograms detecfed(by autdnadiography were cqunted in IS.mI of a
“toluene coud&ing soldgion contaiding 12 g of FPOland 0.5 g POPOP per
liter of toluene at é?milar_efficiedﬁies.

Degradation of ['" C]sermne

¢

Samples of [I“C]serlnq isolated. in ['“C]formate feedlng experiments
— PR -

by the amino acid analyzer were degraded by ‘periodate oxndatlon This

method yielded carbon dioxide from the carboxyl group and formate and

formaldehyde from the 2 and 3 positions of serine respectively (Sakami,

1950) .
(3) ?HZOH' SR (3) HcHo
' periodate
(2) CHNH, “_““ox1dat+6ﬁ— (2) HCOQHU
(1) CcooH . (1) €02

a

fhe products of the periodateIOXEdatidn wére recovered by the
modified method of Sinha (1964). The degradation appafatus consisted of
a‘SO ml round boﬁtdm flaskw;onnected to a short water condenser with é
- side arm to allow“aera£ion and introduction of Treactants in sotution.
A 2 ml sample of [I“C]serfne was placed in the readthn flask with & 1
"of 0.5 M bhosdhate buffer -(pH 5.25. Carbon dioxide—free éir'waé passed
through the abparatus for 10 min td ensure’doﬁplefe removal of COQ. Then .

: 3‘hl of 0.5 M sodium periodate were introduced from the side arm and

e
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_ carbon dfoxide—free air passed.throdgh fofj;ffurther;hour.d Carbon
dioxide produced from the carboxy! gropp of serine was absorped in a
15 x 0.5 em Vlgreauxhcolumn contaunung 0% KOH. The reaction flask was
then rapidly- cooled to 2° C and the pH ralsed to'8 by addition of IN NaOH
solution, Formaldehyde derived from the 3 position‘of serine was
\s_\ B ¥ o] ‘

distilled off after addi;ion of 1 umole of formaldehyde as carrier. The
distillate was collected in an'ice'bath. '

The‘reaetion flask‘was again cooled in ice and the contents adjusted
. to pH 2 by addition pf_ZQZ phosphoric acid. Theracidified;soldtion was
distilled once again and formic acid, derived from the 2 position of
serine, was colleeted in a receiver_coo!ed to 2°C, |

Degradation of commercial samples of [3-1“C]serine showed that’

S

greater than 95% of the label was collected as formalgghyde.‘

Experiments involving cell-free extracts

Cells (5.0 -10.0 x 10*/m1) were harvested at different stages of
cell cycle and washed as described earlier, ,;he cells were suspended
in 5 mM potassium phosphate buffer (pH 6.9) containing 5 mM ijercapto;
,ethanol, except inh assay of glycolate dehydrogenase - and sonicated fqr
5 min at Leg, After centrlfugatton at 18 000 x g for 20 min, the =
vsupernatant was elther dialyzed against 5 mM Re‘a551um phOSphate buffer‘

fat 2°C for 12 hr, or passed through a column of Sephadex G-15 (1 x 5 em),

The resulting desalted protein solutlon was assayed for the followung

»

enzyme activities.

(a) 10-HCO-HuPteGlu synthetase

»

The reactlon system for this dssay (Huatt 1965) contained 100 umol

tr:ethanolamnne buffer YpH 8.0), ISO umol‘Trls‘formate (pH 8.9),
, R o v .
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umol MgCl,, 200 pmol.kCI, 4 umol DL-H;PteGlu (Sigma Chemical Company,
U.S.A.), 2 umol of ATP and\cell-ffee extracf in a total volume of I ml.
The control systems ¢ontained all ofﬁthesg components with fhe egception
of ATP. The réactiop mixture was incubated at 30°C for 10 min, The
reaction was skopped by addfng I‘ml of IN HCI and the tubes allowed to
stépd for 10 min. Denatured.protein was removed by ceﬁtrifhgation.
Under thése conditio&gt the W0-HCO-H,PteGlu forme@ jn the reaction was
convefted to S,IO-CH=HuPteGIu.. The latter compound was estimated

spectrophotometrically at 355 mu (Ey = 22,000).

(b) Serine hydroxymethylfransferase S o 3
Thé’isotopic‘method‘of Taylor and WeissbacH (1965) was used in thi;
assay. fﬁadiéactivity in fhg‘éﬁe-carboﬁ unit of S,IO-CHZ—HtheGlu
produced in the reaction, wésvﬁrépped with cérriér formaldeﬁyde aﬁd
cqnverted to a dimedon‘adqjtion prodgct. The reagtjon sysfem contained
30 umol phosphate buffer «pH 8.5), 1.0 pmol H4PteGlu iévl.O M 2-mercapto-
ethanol, 0.1 umol pyridaxél-S';phosphate; 0.1 uCi of L-[B-I“C]serjneudi y
(48 uCi/umol? ahgafell-free_extrgct in a total of 0.7 ml. All components
except serine Wéfe’first inchbated for S‘miﬂéét 30°C. Reactipnfﬁ
initiated by';dditioh of the substrate were terminated léﬁhin later. by -

da

addition of 0.3 ml of 1.0 M sodiun acetate: (pH 4.5), 20 ul of 1,0 M
: . . ¥ ;

o id

formaldehyde and 0.3 ml of 0.4 M dimedon (in“50% ethanol) in succession.
The feéction vesselg'were then heated for 5 min % a boilfng.wa£¢r bath -
to accélekaﬁe fbrmatjon of the HCHO-dimedon derivative. After';ooliné |
j.for 5 min in aﬁ ice bath fhé dimeddn”cgppéund waé extracted by Q}gorous
éhaking Wi;h 3 ml of toluene at room temperature, Thé aqueous and

toluene phases were separated by centrifugation, the toluene phase being

removed for measurement of '“C. hn
3
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(c) 6-CH3~HyPteGlu: homocysteine transmethylase

An isotopic assay (Dodd and Cossins, 1970) was used to measure the

. .
[

activity of this enzyme.  The standard 0.5 ml assay mixture consisted ot
1 umol ova-homocysteine, freshly prepared from the thiolactone (Sigma
Chemieal Company,-Missouri; U.S.A.), 0.1 uCi of [methyZ-I“C]-S—CHg-Hu~
PteGlu (1 uCi/0.016 umol), 50 umol of potasssum phosphate buffer (pH 6.9)
fand cell-free extréct. Control systems contained all of these compon-

0

ents with the exceptlon of the homocystelne' The muxture was incubated
. at 30 C.for 30 min and the reaction terminated by rapid cooling in an
ice bath.  The cooled teéotion mixture was placed on a colomn (0.5 x 2.5
'cm) of Dowex 1-X10 resin in the C1_ form The column was eluted with
sn* wash-ngs each of 0.2 ml distilled water. Under these conditjons the
labelled substrate was retaihed by the Ql— coIUmh while labelled methion-
ine was quantitatively eluted and collected in a scintjl]ation vial for
counting. The amount of methionihe produced was calculated from pfe
specific radioactivity of the S-CHg-HuPteGlu. : ' -

(d) 5,10—CH2—H?PtgGZu reductase

The eh;yme was agsayed by‘the menad ione-dependent oxidation of-
5-[metth-I“C]-CH3-HuPte u to HyPteGld and [I“C]Formaldehyde (Nickerman
and weissbech 1964);‘ The latter compound beihg in equilibri.m wlth the
lmmedlate product 5, IO—CHZ-H PteGluv The reaction system for this
assay. conta:ned 10 umol potassium phosphate buffer (pH 7.4), 5 mumol FAD,
5 mumol manad;one 5 umol formaldehyde 0.1 uCi of [methyl-l“c]-S-CHa-
HuPteGlu (1 uCi/ 016 umol) and cell Freegextract in the total volume of
0.@0 ml., Control systems contalined all of these components with the
exception of the cell free extract. The reaction syStem wae incubated

~

at 30°C for 30 min. and the reaction was stopped by rapid coo]ing'in-an
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ice bath: The cooled réaction mixture was fmmediatély placed on a
coldmh (O.S x 2.5-cm) of Dowex AGI-X10 resin (C1~ form). The column was
eluted with three washings each of 0.5 mldiftilled water. Under these
conditions, 5-1%CH;-H,PteGlu was retained by the column and the product,
[1“C]formaldehy8e, was eluted and colllected in a scintillation vial for

..counting. The amount of [I“C]Formaléghydé formed'was calcufated.froﬁ
the specific radioactivfty of. the 5-CH3-H,PteGlu.

(e) Glycolate dehydrogenasew ‘

This -enzyme ‘was assayed b;‘the method of Zelitch and Day (1968) .
which utilzes 2,6-dighloropheno]indophenol as hydrogen acceétor. THe
complete reaction system contg}ned 100 umol of potassium phosphate buffér

(pH 7.0), 30 pmol potassium glycolate, 0.08 pmo! 2,6-dichlorophenol indo-

phenol and cell-free extract, in a total volume of 3 ml. After mixing

N

the solution, the cuvette was covered with a layer. of toluene. The
reaction sysfem without élycoléte éérvéd as a control in each experiment,
The chénge in ébsorbahéy was measured in a Beckman DB recording spectro-
photometer (Béckman Instruments Inc., Palo Alto, Californié, U.S.A.) at
590 mu at 25°C: One unit of actfvity was ;akén as the'émOuht of enzyme
causing a decrease.in absorbancy of 0.01 per min. ' ;

() Enzymic'decarboxylg§ion of glyoxylate

The method—of Zeiitch‘({972a) was modified to includé use of
con;entional Warburg flasks. The main compartmerit ;ontained fOO umol

potassium phosphate buffer’(pH 7.5); 10 umol MnCl,, 0.1 uCi of [1-1%¢]

glyoxylate (1 pCi/f0.131 umol), 350 units of bovine liver catalase

S
i

(Sigma. Chemical Company, Missouri, U.S;A.),and-celT-free extract in a
tatal volume of 1.7 ml, The side arm contained 0.5 ml 2N HC1 and the

center well cont;ined a fluted filter paper moistened with 0.1 mi of 20%
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KOH to trap COZ. " The reaction was carried out at 30fC in a shaking
‘water bath and terminated by addition,?F the acid from the side arm,
After shaking for a further 30 min, the '“c0, trapped in KOH was
measu}ed with a scintillation counter. Reapt%on sYstems contained
, boiled'enzymeéland,served aé controls in each assay. Formate, the otHer
reaction product, was identified by thin layer chromatography on-20 x 20
95 Silica Gel -GF plates using ethanol:NQQOH:water (80:4:16 v)v/v) as
“Qolveht systemz' The.ff values of formate and glyqulé;e wefe found to
‘be 0.55 and 0.34 respectively.

(9) Formie dehydrogenase -

In tHis assay, tHe.main compartmentAof‘tHe Warburg flask contained
50 1ig of NAD, 2 umol of‘sodium ['“C]formate (0.1 uCi) and cell-free
extract in a total‘x?lume of'J.Z ml . Sodium’[f“C]fbrmété was addea.
after a IO.min'equilibfatiog beriod at 30°C; The,lucoz; evolved from the
eﬁzymic decarboxylation of férméte; was absorbed on a fluted fi]tef
'paaer mdiétened with 0.1 ml of.20% KOH fn‘thé tenter well. The reaction
was terminatéd Ey addition of 6.5 ml'éf 2N HCIl from the sidé arm, Thé

ll‘COzvabsorbed during the reaction was assayed Forjl“Clafter an

additional éhaking period of 30 min.

Estimation of protein
The protein content of.cefl-free extracts was estimated colorimetri-
cally using the method of Lowry et al. (1951). Crystaliine egg albumin

was used as a reference standard. All determinations were made in

duplicate,



RESULTS

Synchronous growth of,EugZena gractlis

| Euglena grocilis (scrain Z) was grown autotrophically as deecribed
in the Materials end-Methods, usingAa lh:lO’hr light-dark regime at 25°C,
The'jnitial inoculum was.obtained from a sub-culture grown under the
eame conditions for 5 to 7.days. It has been reported (Edmunds 1965a;

-Codd -and Herreft 1971a) that under such conditions,’ synchronous growth

//of Fuglena can be indiced. Fagure ] ullustrates the light-induced

division synchrony of E. gracilis monTtored for 5 cell cycles in the.
present work; The data for cell numbers shOWS that synchronous cell |
d!VISIOn only occurred during the dark periods and resulted in an
approximate doubling of cell numbefs, Celd divisions were generally
‘detected shortly after commencement of each dark perlod but in a few
‘rnstances occurred 1 - 2 hr before 'In an-dttempt to estlmate the;
- degree of synchrony shown by these cultures data for cell numher from
'5 cell cycles were_examlned by the fo]]owang equation (Scherbaums, f959):

= N -no .ty
o= no - Y Qt)

Where SI s the‘synchronization index No is the cell number before
synchronous division,'n is the cell number after synchronous- duv:snon .
t is the duration of the fxssnon time and gt is the generation tlme

Calculatlon oF such synchronlzatlon index gave average values of 0 65.

This value and the resulting growth pattern are similar to those

-

" reported by Edmunds (1965a) for this organi§m; It.is apparent, therefore,

that cell division in E, gracilis under the present conditions can be

32
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sufficiently well synchronized to‘provide a good system for studies of

one-carbon metabolism during various stages of the cell cycle.

Chqnées in pteraylgiutamafe pool size during the cell cycle

Biochemical studles:of synchronized cultures of E. gracilis (Cook,
~1961; Edmunds, l964 Edmunds, l965b) have shown that the levels of
protein, polysaccharldes,fplgments-and RNA double during each light.
phase in a llnear fashion whereas the DNA content of the cells increases
ina stepwnse manner, Clearly net synthesns of these constituents.. |
appears to be related to the onset of cell lelSlOﬂ As many of these
syntheses would be d:rectly or lndlrectly dependent on one- carbon
' metabolism it follows that fluctuatlons in the levels of pteroylgluta-
mates should occor durlng'the cell cycle of this organism. In order to
examine variations in pteroylglutamate levels during. the cell cycle
samples of the cultures were wnthdrawn at intervals and a5corbate
' extracts were prepared as descrlbed in the Maternals and Methods The
levels of pteroylglutamates were then assayed mlcroblologucally employ-
’ﬁlng L. casei before and after treatment of extracts with Y-glutamyl,
_ carboxypeptidase isolated from 3- day -old pea cotyledons The data'
. obtained before Y- glutamyl carboxypeptldase treatment represents the
—levels of pteroylglutamates whlch contaln no more than three glutamyl
rosndues Data obta|ned after such peptudase treatment represents levels
.of hlghly conjugated pteroylglutamates ' The results of these assays are
summarized in Figure 2. It is clear that levels of conJugated and
‘unconJugated derlvatlves lncreased on a per cell baS|s durlng the f:rst
9 hr of "the llght phase Follow:ng thlS pteroylglutamate leVels

<

declined to the values in the dark phase whlch were: approx:mately half of P

oL

P



FIGURE 2

CHANGES IN PTEROYLGLUTAMATE CONCENTRAT ION DURING THE

DIVISION CYCLE OF SYNCHRONIZED A“JLLMA CULTURES

Cells were grown with aeration. (0,03% €O, in air)tae'described'“

-

the Materials and Methods. Pteroylglutamate extracts were prepared amﬁ
dnfferent stages of .the cell cycle ' Pteroylg]utamate cohcentrat:ons were
'determined with L. casei and expressed as uug of"PteGIu/lOs cells before

and after pea.coty]edon Y-glutamy! carboxypeptidase treatment.
v

AConcentratlons of conjugated derlvatlves~(o) were calculated by sub-

R

tracting the values obtalned before carboxypeptldase treatment (o)

from total values obtained after enzyme treatment.

I

Dotted line - cell number/ml c%lturea\
o ' Y
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the maximal values observed in the light. A large proportion of the
pteroylglutamate pood consisted of highly conjugated derivatives and

this proportion remained relatively constant throughout the cell cycle.

LAl

Chronmtography of ptcroyl?lutamatcvdcriuativcs extracted from E, gracilis
To investigate thé nature of the pteroyliglutamate derivatives in
E. gracilis, aséorbate extracts were éubjected to chromatography on
DEAE-cellulose befqre and after treatment with Y-glutamyl carboxypeptid-
ase. VFractions—collected from the columns were subjected to differential
microbiological a;gay uéing L. casei and P. cereviciae.
Recoveries of p}éroylglutamaies'from the columné rangéd from 85-99%

in these analyses and the individual derivatives were identified on the

- basis of criteria used by Roos and Cossins (1971). These included the

ability of * ¢ « -pound to support the growth af L. casei and P,

f

cerevisiae, o chromatography with authentic derivatives and a consider-
. N i

ation of chromatographic behaviour after treatment with Y-glutamyl
carboxypeptidase, ‘

The typical differential assay of fﬂSividua] pteroylglutamates -
present in extracts of E. graéilés is illustrated.in Figure 3A andAB.
Bgfore carboxypeptidase freatment (Fig..jA), seven individugl»compounds
(a-h) were detectable. Peaks a, b, é and d were identified on the basis

of criteria described above as 10-HCO-H,PteGlu, 10-HCO-H,PteGlu,, 5-HCO-

HyPteGlu and 5-CH;-H,PteGlu respectively. These defiyatives were present

.in small quantities. Peaks f, g and h were present in relatively large

amounts and supported the growth of L. casei, but not that of P.

cereviciae. Differential microbiological assay of these compounds after

carboxypeptidase treatment revealed that peak f supported the growth of

both assay bacteria but peak g still supported only the growth of



FIGURE 3

CHROMATOGRAPHY AND DIFFERENTIAL ASSAY OF

PTEROYLGLUTAMATES FROM E/GLAA

Extracts of cells before (A) and after (B) treatment with pea
.cotyledon y-glutamyl carboxylpeptudase were subJected to chromatograpﬁy
on DEAE- cellu]ose followed by assay using .. caset (8) and P, cereviciae
.(0).

‘The derivatives shown are:
(a), ]O;HCO’HthEGIU; (b), JO-HCO-HgPteGluz;
(c), S;HCO—HtheGIu- (d), 5-cH3 uPteclu
(e), 5-HCO- HuPteG]uz, (f) 5 ~HCO-HyPteGlus;
(g9), SeCHa-HuPteGluj; (h) unidentified conjugated derivat}ves.
No growth responsé was obtained befofe fraction 30 or after fraction
190. The data are in PteGlu equivalents for L. casei and 5-HCO-H4PteGlu

A

equivalents for P, cerevisige.

.

%
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‘ ' . hoo
L. casei. Peaks f'and g occurred at positions in the elution sequence

-

which were identical fé those of authentic 5-%§O~HuPthIU3
and 5-CH3-HyPteGlu; (Cossins and Shah, 1971). On the basis of chromato-
graphic'béhaviour and differentia1 growth response.ihpse two peaks ‘were

? B

tentativé]y identified as 5-HCO-H,PteGlus and 5¥CH;;HqueGlu3 respective-

ly. Peak h after enzyme trcatment:supported Ehg érﬂﬂfﬂ‘bf P.;cerevisﬂdc,l
whh;:considering fts position of elution, sugges£s:£hat it contained
‘possibly more Lhan one highly'conjugated pteroylgjutamate'derivativé.
Carboxypeptidase treatment of»ektrétté,ﬁéfbré chfématégrahﬁy '

resutted in large increases in the‘lebéls of peaks~a,.b; c,-d and e
“which was identified as 5-HCO-H,PteGlus. These résglts ipdicate that

the highly cdnjugated~de;ivatives were bofh-formyl and me;;yl derivatiyés
of HtheGlu. -Altho;gh not shown'in Figure 3; a trace amount of'HgPteGlu,
Iocatéd-in ffactions 75-78, was\detected in some cases.

It should be emphasized that these analyses failed to reveal'fhe
presence of HzPteGlu, PteGlu, 5,10-CHy-H,PteGlu, 5,10-CH=H,PteGlu and
5~HCNH-H,PteGlu, derivat}yes which have also been implicated-]p'dne—carbon‘
mefaboifsﬁ'(Blak]ey,,1969). Their occurrence in E. gracilis cannot be
ruled pug by'fhe'present'data'however as 5,10-CH-H,PteGlu, 5,10-CH=

HyPteGlu and 5-HCNH¥HtheGlu are unstable under these conditions of

-

extraction and isolation.

Changes in formyl and methyl derivatives during the cell ecycle

>

The studies described above show- that variations occur { teroyl- .

glutamate pool size during the cell cycle. It was.of interest Yo examine

o2 - : v : e ,
further changes in individual pteroylglutamates during the'ce}l cycle
' - : S o

especially those derivatives known to be directly involved"in{the

’ /



4

synthesis of purines, pyrimidines, certain amino acids and proteins.

°

For such an examination, extratts prepared from cells at different stages

of the cell eycle-were subjecped to DEAE-cellulose columh'chromafography

before and after treatment with the Y-glutamy! carboxypeptidase. The

-

results are shown in Table 2. It is clear from the data that before
carboxypeptidase treatment, the overall levels of methyl derivatives on

a per cell basis increased in the light phase and decreased durTng the

1

dark phase. There was no dramatic changes in the total levels of

7 unconJugated formy] der:va£1ves>dur|ng the l:ght phases examnhed ‘These
overall ]evels of. formyl der:vaeuves were, however, lower on a- per cell
basus when the cells were dividing during the dark phase of culture.
Enzyme hydrolysis of the extracts before chromatography résulted in
}ncreases in the levels of qhe prnncupal formyl derivatives., Such

' formyl conjugated derivatives |ncreased during the light phase'but were

L
e

I.

present at lower levels in the dark phase of culture. ' ;

Changes in‘the @uels.of pteroylglutamate-dependent ‘enzymes. duz;i;zg the
cell cyele | -

b The resu[ts of previous experimentsrindicate:that net'synthesfs ef
formf] and methyl'derivatives 6F‘HufteGlun occurred prior ‘to cell

division. 7Conceivably such’ syntheses w0u|d'be-accompanied by rapid

increases in the aCtIVItleS of pteroylglutamate dependent enzymes To
examine this possubllsty the Ievels of 10~HCO HuPteG]U synthetase

serine hydrOxymethyltranSferase, S-CH3-HuPteGIu:homocysteine transmethyl-

ase and S,IO-CH2-HqPieGlu reductase were examined using cell-free |

extracts prepared at differeht times.during the cell cycle. The results

are Ehown ih'FiguEe 4, 1t 1% clear that 10-HCO-HyPteG 1y synthetase
L ) . <
» : ’ ’ ,
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FIGURE 4

LEVELS OF PTEROYLGLUTAMATE-DEPENDENT ENZYMES

DURING THE CELL CYCLE OF EUGLENA

‘-\

vGCéll-free extracts prepared at different times during the cell
cycle were used as a source of the enzymes. .Enzyme activities were
measured as described in the Materials and Methods. All assays were
o ' a ¢ - ' g . e . N
carried out in duplicate and values shown are averages of two separate
experiments. The activity of the synthetaaegs expressed as mumol

product formed/hr/10" cells; activities of other enzymes are expressed

-as uumol product formed/hr)lO“ cells,

.

~
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(Fig. ba), serine.hydrdxymethyltransferase|(Fig. Lb) and S-CH;—HgPteGlu:

homocysteine transmethylase_(Fig. be) activities varied over the period

examined in a somewhat similar manner. In general the Ieve]s of these
enzymes per cell increased approxnmately 2- fold durlng the- light‘phase
and decreased during the dark phase of the cell cycle. In contrast, the

Ievels of 5, IO -CH, - HtheG]u reductaSe (th 44) decﬁéased from maximal .
values.ach:eved at the beglnnlng of illumination to only 50% of this
value by . the end of the lnght phase During the darkynhase,'the levels
of this enzyme rose contunuously , =: | |

The Specif}c activities of ‘these enzymes are shown in"Figure 5,
No appreciable thanges in specific enzyme activity were noted for 10-HCO-
HtheGlu synthetase serine: hydroxymethyltransferase and 5-CH3-H,PteGlu -
transmethylase durlng the light phase, ThlS indicates that enzyme .
synthesns in each case closely parallel]ed the rate of synthesis of total

soluble proteln Durlng the dark phase the specific -enzyme activities

of " 10-HCO-H,PteGly synthetase and 5 CH;- HuPteGlu transmethylase were,

" however,’ decreased to some extent. In eontrast, the'specific enzyme

activity of § WA0-CH,- gEteGlu“reductase decreased durnng the Tight phase

-

then rose durlng thé‘dark period as was observed in Figure &Awherel

enzyme actTvity is expressed on a per cell basis.

Effects.of 5% C0,, a—hydrdxy-2—pyridineMthane suifbnate and L-methionine

on synchronous grou¢kr0] Q graczlzs t. ‘ .

As outlnned in the lntroductlon one-carbon:units'required in
serine synthesus in Euglena mlght be derlved from glycolate Since it

has been reported that glycolate dehydrogenase in this organism is

| repressed and Inhlblted by h:gh concentratlon of C02 and a-HPMS



FIGURE 5§ ‘ : ‘ .
SPECIFIC ACT VITIES OF PTEROYLGLUTAMATE-DEPENDENT

ENZYMES DURING THE CELL CYCLE OF EUGLENA'

_Experimental details are as_in ng..h, The specific enzyme activity
of S;CH3-H“PteG]u:homocysteine transmethy]qse is expressed as pumol
product formed/hr/mg protein; specific activities of other ehzymes'are'

expréséed'as mumol product formed/hr/mg protein. ' . - ‘
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‘respectlvely (Coddlet qZ., 1969; Codd and Merrett, 1971b), it follows
that under such conditions the metabolism of one- carbon units might also
be altered Further |nJEst|gatnons were therefore undertaken to
elucudate the possible effects of thesevtreatments on the one-carbon’
metabollsm of Euglena cells. In addition, aspomethionine has been
shown. to:have a regulatory role on one;carbon metabolism .in different‘
microofganisms, the possible regulation of one-carbon metabolism by this
amino acid was also e*anined. ]

, ?efore any attemptsfwere made_tp study.sdch:effects.of,COQ,Aa—HPMS’
and L4methjonine, the effects.ot these treatments on growth were'first
studied. " In these studues, cells were |noculated and grown synchronously
in the presence of aisx and 5% COZ in air- respectuvely, as described in
‘the Materlals and Methods Cells were also cultured in the presence of
air with supplements)of 5 mM o= HPMS or I mM of L- methlonlne Aliquots
of cultures were wnthdrawn at.dufferent times during the'cell“cycle and
cell counts were made wnth a Coulter counter, The- resolts are shown lnb
Figure -6, It is clear from the results that un the presence of high

g
COz(alr + 5% COz) and L- methlonlne the cells stlll showed cell d|v1510ns‘

restrlcted to the dark phase. However, theiagount of growth, as
reflected by cell numbers was approximately 25% more than control
culture'in'the presence of high €02 while in L-methionlne, growth was

inhibited by approximately 25%. Cells grown in the presence of a-HPMS

failed to divide during the dark phase.

'Effect of a~HPMS on pteroylglutamate contents
a-HPMS is known to be a competitive inhibitor of glycolate dehydro-

genase (Zelitch, 19572 and has_been.wldely used in studies of the



Lo

‘4
o —-0---0--0-

26 17117 T T

24 |-
E 22k \
~ S
< ’ —
o
— 20F
X .
e ];8 - / A
L Y :
on - -
% 1.6 1 ' :

O +METH.
Z. 0w ' O,—-df '
—_ ‘ 77 .
o l4r 0 -

V4

U ’ i"— /- 1

| ] |

8  12 16
TIME (hours)

20 24

FIGURE 6. EFFECTS OF &5~ co,, «=HPMS AND L -METHIONINE ON. SYNCHRONOUS

' GROWTH OF = ,riv:

e

Cells-were inoculated and grown. synchronous ly

and 52 CO: in air respectively a< described

in the presence of air

Cells were also grown in the presence of air with sypplements of 5mM

«=HPMS and 1TmM of L-methionjne respectively.

air, methionine and 5 (0,

Thé results shown for the’

cultures were obtained during the 4th cell
cvcle. Cell counts. for.the (-HPMS culture were obtained during the Ist
cell cycle, the inhiblitor being added at zero time. -

in the Materials and Methods.

49



S , 50
photosynthetic origin and metabo]ism&of glycoﬁate.‘ Accumulation of
glycolate following the administration of «w=-HPMS has been observed
during photosynthesis in feaves of higher plants (Zelitch, '1965' Hess and

. AT
Tolbert, 1966) and in culture of Chlorella pyrenoidosa’ (Lord and Merrett,

1969) and E. gﬂactlzb (Codd and Merrett, l97lb) If the partial

reactions of g]yco]ate pathway represent a maJor route for generatnon ‘of
"

/
one-carbon units, it follows that adman:stratlon of this inhibitor,

should’affect the levels of pteroylglutamate derivatives which derive
‘their one-carbon-moieties from glycotate' To examfne”this”possibiIify,
'E graczZzs was grown synchronously as descrlbed in the Materials and

' Methods When the cell'denSIty had reached 5‘x 10" cells/ml culture,

5 mM of a~HPMS was added aseptically at the start of a‘llght phase
Pteroylglutamate extracts were prepared From cells harvested after 10 hr
of the light phase and after ] hr of the dark phase vSuch extracts were
examjned after DEAE- ce]lu]ose column chromatography wrth and without a
\ glutamyl carboxypeptndase treatment. As some isomerization of IO -HCO-
Hy PteG]u and 5 HCO-H, PteGlu could occur- durlng this extraction and
lsolatnon (Blakley, 1969) the data are given in Table 3 according to the
substltuent group of the prnnC1pal derlvatuves It is clear that pefore
Y-glutamyl carboxypeptjdase treatment, a-HPMS treatedvcells contained
slight]y higher cdncentrations of formyl-mono- and dig]utamyl derivatives,
However, the.total concentrations of 5~ HCO H“PteGIU3 and 5- CH3-HtheGIu3
were igrgely reduced by the presence of a-HPMS. As growth of the cells
was completely ;nhu?ﬁted by a-HPMS (Fig. 6) a greater utnlnzat:on of
these pteroylglutamates in the presence of a- HPMS was unllkely These

results rather- :ndlcate that pteroylglutamate synthesns mlght E:I}educed

by a-HPMS; furthermore, under these conditions, there appeared to be

i
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- depletion of conjpgatedvderivatives possibly to maintain !evels of less
conjugated derivatives. This possibility is supstantiated by the data
obtained after Y-gldtamyl carboxypeptidase treafment'(Table 3). 1o the
light phase, a decrease‘of approximately 50% in the conJugated form?lated

'derlvatlves occurred tn the presence of a- HPMS The concentration of

»
~

methyl derivatives was notxhowever appreciably affected. During. the
* ?

dark phase, however, only 27 of the total Formylated derlvatcves were ’fJi

decreased .in contrast to the cencentratnonq of methyl derlvatuves whch’

- were drastlca!ly reduced by this- hydroxysulfonate h . - .;r‘t,;
: 4 . , ’ -

: ’ . -~ ‘ ) ' V . . ‘, N of"‘,"

Efféét of a-HFMS on glycolate dehydrogénase,vserine'hydpoxymechaztranéi

Wt

feraae and jO—HCO-HtheGZu anthetase co )
The - levels of these three enzymes ‘were determlned by using dralyzed
'extracts oF cells cultured in the preSence and absence of Qa=HPMS (5 mM),
In all cases‘cultures of F. gracauLu and the.add:rlon of. a-HPMS was ‘as
descrlbed earl:er Extracts for enzyme studies were prepared after 10
. w
hr of the light phase Specific enzyme act:vntles and actuvnty op a ‘
per cell basis are shown in Table 4. C(Cells grown ln the presence of
a=-HPMS contalned-mdch lower levels %f glycolate dehydrogenase and 10~ HCO—
HuPteGlu synthetase on the b;%ut“of the proteln and cel] numbens In
contrast; the levels of7$érine hydroxymethyltransferase were not

appreciably altered by the presence of this inhibjitor.

Effect of CO2 on the concentrations of pteroulglntamates

" In these experinents‘ £, nPaczZ7s was grown synchronously Wlth arr
as descrlbed in the Materials and Methods, When the cell density had
reached 5 x to* cells/ml culture,'ajr Supp]emenfed w}th 5% €02 was

supplied at the beginning of the lighp phase.' Cellsnweré then harvested
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; s :
TABLE 4, Effects d:ﬁuwHPHS on g]ycoTate deﬁyarog snase,, serine hydroxy—

methyltransferase and 10-=HCO-H,PteGlu synthetase actnvntlcs

Enzyme activity

T

Activity/mg protein ' Activity/cell
Enzyme Control a-HPMS Control = "-HPMS
Glycolate dehydrogenase ~ ~  2.66 0.76 2.0x1077 0.6x10"7%
(enzyme units)* : :
Serine hydraxymethyl- 18.6 ©17.0 ' _h9.8x10-7'4’25x10—7
transferase (mumol HCHO T
formed/hr)
10-HCO-H,Pt'eGlu synthetase 304 93 1.6x10™* 0.6x107"
(mumo1 10-HCO-H, PteGlu ‘ :
formed/hr)
. - )
* As defined in the Materials and Methods. ) b

~

Experimental “details are aé in Table 3. Cell free extracts prepared at
10 hr of Ilght period were used as a source of the enzymes The
actlvztnes indicated were assayed gs described-in the Materials and

Methods.
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at different ‘times during the,cell cycle‘and ascorbate extractS'were
prepared as descthibed earller The resuftiné extraets were assayed fer .
'pteroylglutamates both before and after Y- glutamyl carboxypeptldase
treatments.' The results are shown lanable 5. The results show that

the conCentrations'of free and conjugated pteroylglutamates in both

cultures increased du;ing the first 12 hr of the cell cycle and then

1 .
. . A

decreased™during the dark phase. However, when the concentration of

pteroylglutamates in the two cultures are compared,‘it is clear that

hugh COz qply |ncreased the total pool s:ze of pteroylglutamates toa -
bsmall extent. Extracts of" the 7 ~hour samples were further analyzed by”-
_DEAE-CeIIulese ;olumn chromatography to determine whether the high CO?
treatment might alter the cencentration of individual derivatives. The "
results of the furtherfanalyses are sh&g in Table 6.. 't is clear fronk f%ﬁ
these data that the concentratlons of formyl derivatives were not |
affected by treatment wuth 5% COz However, the concentration of methyl
ﬂ’derlvatlves was affected bY‘thlS treatment. Clearly more methyl poly—
gdutamates were present in the cells recelv:ng 5% C02 in air. An effect

ef CQz on pteroy]glutamate.synthes:s therefore appeared to be’established
‘ withfn seveniheurs;of initiatfng this treatment. As the prineipal o
derivatives in Eugleﬁa.are énown‘td be readily interconvertible, further'
more pronounced effects on.pterbylglutamate synthesis mfﬁ%t be ebserved
with Ionger per|edsbof treatment. /Subseduent experimente were therefore

’ carrled out on cells whnch receuved the COz treafment for more than one

©

cell cycle,
In these experiments, th%ﬁmedfa were inoculated asepticallyrto give -
an |n|t|al concentratlon of ea. 3 x 10¥ celIs/mI and grown synchronouslyf'

with elther low (0 03% in alrl or h|gh €Oz (5/ in air) Extracts were

-.v‘

& . Z _ .' .;
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-

soze at dafferent stages of the first cell cycle

55

" TABLE 5, Effect ofwhigh COz‘(Sé COz in air) on pteroylglutamate pool

Air 5% COz‘in'ain
. ‘ Before Af ter Before Aftef
Time (hr) . . Y-GCP . y-GCP ‘y-GCP - Y-GCP
-‘Light phase 0 80 - 173 79 "]73
| © 2 . 83 250 81 - 262
L 98 300 1 330
6 S 1 1 IR 23 0370
7 , 133 398 146 k20
12 143 405 « 164 475
’ o . . Y
Dark phase 15 - 120 260 163 380
| 23 T 88 T 190 102 230
v - }";\

"Pteroylg]utamate extracts were prepared from cells grown ln high €03z

" (5% €O, inair) ‘and low co. (0. 036 €0z in air) durlng the lst cell cycle

after the stari of the experiment Pteroylglutamate concentraﬁlons were )

determlned wuth L. caset. and are expressed as jug of PteGlu/lO“ celds;e

before and after pea cotyledon Y- glutamyl carboxypeptndase (Y GCP)
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prepared at drfferent stages of the 4th cell® cycle The results of
pteroylglutamate anaIySls of these extract’s f)oth before and after .

o
Y- giutamyl carboxypeptldase- treatments aq‘e's ,wn in'Table 7. Again,

* *+ A »"‘ ‘ J

hlgh €0, di‘d not alter the tota] pteroyﬁ’u;amate pool size, at different_ |

»

stages of t ceH cycle. However wh fe,xt acts, prepared at 10 hr and
_ ‘i F

., \) P Y ' ’

15 hr of the @h cell cyc]e, were sub' ot Wio D{’[&I(_ellulose column L/}’
. I3 I ‘ \,9 '
L }‘tCOQ, the poo!l of E A o

%“‘"_ \ B
sed’ but an accumulatjem of © -~ B 0

_chromatography (Table 8), it was cle‘d’il‘
formyl pteroy]glutamatcs was markedlytd ‘
methyl derivatives occ_ur.red. These; res'~

.~-'~;+,. .)b. c

J . P .
formyl and methy] leVels of bxndat?on ) '. o~ L A TER

~Effects of (03 on gluco'lcrte’ 5714tz’roncna)e sgmr}e 71 /tum:c’met}@, ctedns-

%

o . . : : “' ! . j’u . t
© ferase and 10-HCO-~IH,? clt,,zbmunt,#tétace ey ST
. e *m ,fl‘ . . B vy ¢
O ,}‘Jue pOSS|ble roleﬁof COZ concentratlon ln,one carbon metabollsm was
. , - - -7 '\a .
further examuned in enzyme studles to determlne whether alteratlon in
« f ¥

‘- the leve] of eﬂzgymeé of glyco]ate9 metabollsm and one~carbon metaboltsm ';§? .

could cont'rnbu?te» ‘to the observed dlfferences 1n pteroylglutargates _"'ln'_‘

a_'l.lA experm;ents cell-fres: extrac:ts were prepareddfrom cells harvested

durmg the ilght phase w.the fo\ur cell cy%les after startrngvthe hugh‘COZ

, treagtment Lair + 5/ CUQS . . L ] _ ‘

‘,.-jig Glycolate dehydrogenase ac{‘wlty of extracts from cells’ drown '.?, ’

.',‘ N

t'he hngh and Iow COz are ‘shown in Flgure 7 Levels‘\Qf thfs enzyme on a - ,.‘.g

. . . -l
proteln and, ceH number baSIS are g:ven in Tabue 9, tl}_n agre’ement with . %'

¢ results obtalned for F}’Zamyaomonas revrvzard z (Nelson and Tobbert 1969)‘" ‘

[\

'andrrandom culture‘s of E. quicﬁis (Eodd et aZ 1969‘, Codd -and Merrett
. ')". * [
1971{?)':‘ the present data show that. glyco]ate dehydrogenase act:v:ty ) B
.:..‘4 __.f-“:’; R _b-- . ’ " . o ) i ._'3‘ o A . w ;} .
B ' ' g o, v 2oaf e
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' M ) ’ ! . .
-TABLE 7. Effect of high CO» (5% CO; in dir) on pteroylglutamate poo!
size at difF?rent stages of the fourth cell cycle. |
N . .
_ AlF L 5% C0; inair
. o Before After . " Be After
‘ Time (hr) Y-GCP - y-GCP Y-GCP vy-GCP
: 1
Light phase 2 ‘76 195 | .69 180
' | 5* . 9k - 205 .90 222
w8 103 ... 227 e 116 - 2640
‘ 135 17 - 288 .15 282,
. Dark phuse 15 BRI 263 ’ 93 196
R R 24 73 158 . 60 . 150
‘l.(

Ce]]s-were éfown synchrdhousl§ with ejfhér low (0.03% CO- in air) or‘hig
€0 % C0, in air). ‘Pteroylélutaméte extraéts were prepared at'différ;uﬂ
, :éﬁt stages of the lLth cell cycle. Pteroylglutamate c0ncentratiohs wére
détermiﬁé&'@ﬁth L. qgséi and exprq&sed aa'pug'of PtéGlu{lO“ cells before
and after pea cotyledon y-glutamyl cafbékypgptidése'(Y—CCP’.,

. ] . . 5 A s

. ow
e d

]

L
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light
in the Materials and Methods.
1 - e

Cells were cultured in hich and low €O,

AIR

LOow o, . i
: - i '

phase.  Glvcolate denvdrogenasd ace iVity was

FIGURE 7. GUYCOERTE DEHYDROGENASE ACT(VITY oF: " -

respectively for;,‘fo"

; . ; | :

cycles. Cell-free extraces were prepared atter 0
. ared

:"easwed_fr'é.g

-
®

br*of growtein: T‘f{f?
irfof growt «»f!s‘ e
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>
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TABLE 9. -Levels of glycolate dehydrogenase after growth in hiéh'dnd
Tow €O, . '
CCulture N , ' . Enzyme acf|vnt2: :. N
- o eonditions | N S ~units/mg protein . units/107 cells’,
. -“_& . v . “‘;i' - . . .
TR ¥ - -
CAir ’ 2.66 2,00
- L ' 2
C LD €0, inair, e 0.35 0.22

Experimental details are "as in Fig. 7. Enzyme units are
Materials and Methods.

t‘.ﬂ_" .- .:
v

Yo

defined in the.
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. and 10- HCO~ HuPteGlu synthetase (Fxg 9a) were elther extremef;J&ow or-

-suggest that in high CO; the synthe5151of g]ycolate dehydrogenasé aéﬂ

X : - Y
was apptoximately 8 times hi@hé? in adr-grown cells than in cells

receiving high CO2. These results nmplx that high concentratnons of €O,
A
RS
cause repressuon of glycolate dehydrogenase in ths organlsm
’ '*'ﬁ o /\'
The effects-o €O concentratlon-on the levels of serine hydroxy-

'methyltransferase and 10-HCO-H, PteGIu synthetase vere also examlned

- .
during the light phase of the hth cell cycle (Fig.h8,'TadLe 10). "High

€0, treatment increased the levels of serfne'hydroxymethyltransferase '

. ety g
but decreased in the amounts of 10-HCO- HtheGIu synthetase per cell f]_

These effects W?T%a?PPéFQﬂtmterdghQUt,thewlight phase examined. . _.

Lebels of glyecolate dehydrogerase, serine hydroxymethyltrans}erase and

'10 HCO- HuPteGZu sdntnetase upon transférﬁfrom hzgh CO, to q!w 002

oy .
The resu]ts ‘of prevnous experlmeniﬁtiflgs 7 8 and Tables 9 10)

- g

10-HCO-H, PteGlu synthetase were repreSSed but n contrast the leve]s‘of
C O,

Serlne hydroxymethyltransferase were Increased "In'order to.determine

® .
whether these effects were readily revp55|b1e the foliownng experlments
-1 . ’ .

were undeﬂtﬁken., Cultures wh:ch had been grown synchronousty wnth hngh

LI r\ el e

.C02 for 3 ce‘l cycles were transferred td low €02 at ‘the start of . the

hth cel] cycle Extracts of these cells,were p{epared aS‘beﬁore at

var:ou5'stages of ensuinévlight phase Control cultures were maintained

»n the hlgh COz throughout the hth cell qyc!e ;The\:esulgs ang'shown‘ff
in Flgqre g “ //ﬁ . ‘ : ;' 3 _ o ’

.'The' effects ot}higtﬁ&z on t‘hese'enzymes were -bindeed re'adily
reversed on transfer tq/{;w tOZ » Durlng the Flrst 2 hr after transfer

from hlgh €02 to 1ow COZ, levels of g]ycolate dehydrogenase (Fug 9c)

. Wy
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FIGURE 8. EFFECT. OF HIGH AND LOW CO: TREATHFRT ON SERINE HYNROXY:
o METHYLTRANSFERASE ACTIVITY. . o

Cells were cultired in high-and low COs respectively for b cell -

- cycle.  Cell-free extracts were prepared from-cells harvested during the

light period of the fourth cell cycle. “Cell-free extracts were assayed

"using [3-'“Clserine as described. in the Materials and Methods. Assays
Were'Carried‘Out.$p‘duplicatg‘and averaged. . Enzyme activity. is expressed

as uumoleproduct forned/hr/10° cells.
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TABLE 10. Effect of high and Tow CO; treatinent on 10-HCO-H,PteGlu

synthetase activity

::;a‘_’:?r::.'—“"i;t ,:f::—:_t:::::‘(?.:—.;;: B o T T e e :——:.: WIS CTIuTT T s wT mem ek wormmm—s e
i Enzyme. activity
Time (hr) ' . CAir _ "5% €0, in air ¥
__ _ R ) rE
14 ' o _ W 0,27 &8 n.d., n.Ad.
5 : B 0.31 270 0 0.03 158
8 o066 200 . 0.05 20
) ?2 n a‘ﬂ,°%i;;_i 0.74 280 . 9.07 aé
T T
n.d. - not detected. o

_Extracté weré prepared from céils'harvestea during ﬁhe‘lightvphasé of *
, tHe_fqurth tell‘cyclc as in Fig. 8. Enzyme activ}ties were eXpresged as
mumo]'product.forﬁed/hr/lo“ cells. Values in.italics are mumol ﬁ}oduct
formed/hr/mg. protein. . : _



. FIGURE 9
3 ' .'W. -
. B 'a.,"’ﬂ‘ .
LEVELS OF GLYCOLATE DEHYDROGENASE, SERINE HYDROXYMETHYLTRANS-

FERASE AND 10-HCO-H,PteGlu SYNTHETASE UPON TRANSFER FROM HIGH

€0, TO LOW COy
'Cu[tures‘were'init?alTVlcuTtuﬁéd’Th the presence.of high C0, for!

\

.3 cell cycles, then transferred to low CO2 at the start of the hth ceV}

cycle. Extracts were prepared at various stages of the ensuing ligh
) .

period. Control cultures received the high CO» treatment throughout,
- . 3 .

Enzyme assays iere carried out in dﬁp]iaate and the values averéged.
v -07=-0 : cultures trans{enreg to low CO-
./) A--=1 t control cultures 5
Specific enzymgﬁaétivitics at 12 ;r‘are as follows:
.(aj 230 mumol/hr/mg protein (tfansferred cultude)
21 mumol/hr/mg'proteim (control) -
(b) 20 mumol/hr/mg protein (tiansferredbculture)
L6 muqo]/hr/mg.protehn (control) -
(c) 0.28 units/hr(mg protein (control)

1.22 units/hr/mg protein (transferred culture)
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i ppmole/hr/10* CELLS

units /10° CELLS
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. e
qndetectable as was the case fer the‘cel]s in high C0,. - However, after -
longer%periods; the levels‘df'these'two enzymes.increased at a higher:
rage and by 13 hr had reached levels where glycolate dehydrogenase was

v
‘approximately three times hugher thqp the control and 10~-HCO-H,PteGlu

' synthetage was approxvmate}y 10 tlmes’hugher; Serine hydroxym%thyl-
transferase activit;”(Fig. éb) decreased durtng the flrst 5 hr after
transfer and then rose sllghtly In contrast, the,levels of this

‘e enzyme in cells remaining in the. hlgh €O, |ncreased ]lnearly during. the

jlght phase and were hlgher at a]l stages than those of the transferred

cells.

-

Effect of (O, on the concentrations of free and *rbtétn amine aelds in

-

partICIpate in the synthesns and metabo]nsm of certain amino aCldS

Cons:dernng the effects of hlgh CO; on pteroylglutamate levels and key .

e W

éghzymes of one- carbon metabolqsm, it |s possible that the pools of

R L !

“‘ﬂrelated amldo acids may also be changed quer these cond1t|ons The

.‘3\,,
3

@% ﬁconcentratlons of the free and prote»n amlno acids of cells cultured in-
i high and Tow.CO; were therefore compared |n'further expennments (Tables
1 and 12) N ‘ N T B
Although t%e presence of high COz-lne;eased the total amino acnd

pools by enly‘30/'(+2bles 11-and " 12), the concentrat:?ns oF ggveral‘
'lndIVIduaI amino acids were appreCIably changed by thrs treatmen;fﬁ #ér
example, the High CO,-grown cells. contalned relatively high cdncentra4”
.tions of Free‘aspartic,acid serine, g!utamje acid, glycune and. a]anlne
(Tahle 11). ngher concen&rat|ons’of“glutam|c acnd: glyedne and alandne.

-

L,
e
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L4 0
'

.ﬂ\; TABLE 11. Levels of free amino acids after growth in high_énd low CO3,

Amino acid : , , ‘
(mumo]/[Q7 cells) » . . Air 5% COz in air

= S | .. . F
Lysine .o -~ 26 : 28 v

Histidine | | ST S

{ .
Arginine - T 299 . 283
Aspartic C | 5 23 . .,
‘fhfeoniﬁg o m:;':i  ~;'é o FA Tracé . Trach '
Ser ine ‘ e “ ’ ‘ | . S ""ﬁ56:J

" Glutamic _ u 23 65
Proline - —— . Trace ’ . Trace

: o . R S
Glycine . . ’ o8 e S PSP

. | - - , it S y' L 4 j‘:'
Alanine | = . . , e . 90 R .43

Half cysteine . - A 29 ‘ 28

Valine ' e o - : 16 g2 - o

e ]
Methionine o ‘ | Conud, ‘n.d.
Isoleucine : : I 5 L 4
'Leucfne'.' 7 - 8
Toétal -~ - . 5h0 694
Cells were harvested after 10 hr of the light phase. (4th celj cycle).
The data are average values of three separate analyses. -
'iz - ‘ - : —y
£ :-.7{ B § . -
* _— “ -
7 - -~
'
4 .’
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TABLE 12. Levels of profein amino acids after growth in-high and low

COz. 1 . ' )
i % ’,‘v y
"" : ;L. EES N L e
Amino a'cid I . *
(umo1/107 cells) Air 5% €0, in air
Lysine 8.0 12.4
Histidine 2.5 3.1
) . - '
-Arginine. 7;quA'".*‘ 8.8
Aspartic acid 18.3 21.8
L |
Threonine 9.5 9.9
Sering 8.9 8'6 _" |
Glutamic acid 14,5 21.8
Proline 9.5 9.2
Glycine "; ‘zW3.2 ‘ 21,2
Alanine 12.8 “ 24.5
Véline" 9.4 15.2
Met\hion‘ir‘ie ‘ l..3‘| g 2.0
PO ‘ . R - a E
Isoleucine 4.8 . 7.9
»Leuéine . 11.8 le?:L
. s
Tyrosine 2.4 5.37
: , R y
Phenylalanine 1.1 2.0 .
Total 135.0 189,6
. S : . . . . . . \g : )
‘Cells were g&pr ard harVested as in.Téble 1.
i::f ’ . ;i
. e
-y =

B



_F‘bnejﬁ? Hz 5} £'s at the fﬁrmyh 1eve1 of oxgdatnon as a, result of the,i;

:sodlum [1 CIformate»was supplued fo CO«.treated celfs and an anaiys:s

Ay B

,é : . : e D : : 700
were . also preser!'t |ng&ne protem hydrolyzates of s;ﬁ cells (Table ]2)
PR ’\ PN ,)'.‘ S ‘l"o' ‘ . T [
. .- /_" . A,g", - - .
1 b A Y A Py % . "a M.':' Mmoot o o '_." . ' T ‘ P
o?%zm { L,Jf Yt Sooding Sxpavimental Lot

-The results of the Pteroqulutamate analyses and anymc St’ud’l‘bﬁ y
Slfggest that"in the prese»nce of hugh— COw theg. decreases in formyl . 2
& ’ J e Iz " Vo :—' ’ . :
pte.roylg]utamate pos,tl-’mze was malnly due . to X i decrease for,mat.lon of

s w - v

v .

h‘. - hd . e “

o

hE
of IL'C by the h‘.;gh COv-grown cells was only 1#6 of thata sﬁown By the
ix v ‘0 3

v.“

(L VS . & . L - St

"o

_ H:.Pt,gGlu synthetasem' Under tiese cond|tlons one~' '
s vf bk L N - » Al “a .". g
car‘h‘on Y ed to. support pterpylglutﬁate dedendent synthesccn
ere G %

vg‘ S -ﬁm’!’—' .

cou]d gppce;yably be gener prlr}ftpaMy at the hydroxymethy‘l .level as
, B By B SRR IR .

Suggested by the increases in™ sernne,h:/drOxymethyltransFerase assocsatcd‘.

@ - s
. W|th the hlgh COz t(eatment ‘T st the valndrty of tMls suggest\on,
_ Cneede . Rl ™ b ’

‘oF the maJor producbs formed was ﬂrrledéout R *
The-dkl-strubu.tlon of Lue f'h1 various ceHular fr‘:;c;tlon's followmg y

[“C]formate feedmg to hllgh and ]ow €0, prp&treated‘cells is shown |n% -

Tat;,le ]3 Aftel’ a2 min xncuba{‘uor: Wi 'h [ C]formate | he t‘ot'al uptake , l‘

1ow\C’)2—grown cef"ls When the ’5eedmg tlme was extend‘gd to 5 min, thev' e

total uptake of “’C of hngh CO~~qrow\ ceH ‘was. 69"’ of that by Jow Q.-

g"rown cqlls Yhen comparlson is ‘made of the 1'(‘ mncorporated into .
. . . . . -
various fractlons it |s clear that the cells grown n low CO’) had
greater abulutxes to metabo]tze\' ]formate. I the 1ow CO0: grown cells

')‘ :

oy N N

the sugars and, nnsoluble compouﬁds t,ogether accounted for the bulk of the
. ) }
]abe] mcorporated in 2 mm. As the tme of feedxng was .inereas'ed to

o - R .- -

5 min, the proportlon of 1abel nn 'nsoluble compounds rose accompamed

by declmes un the proportcon of label in free ammo aCIdS, Qrgamc acxds
( . . o :'._'—"F N RV . .

\

L . . Yoo . Y - . . S :
: S S ) S s o



LT C AN o P g"’;,
- . _ ¥ . - ' ' v .' S i . ‘\-"
Ly ' .
and sugar . "Labe]led co; &oléh’ged by the Tow CO 2-grown cells acc‘guntedéq‘“
for only a very smaH proport«on of tho tota] ’1'C in all cases, ﬂ& ‘ ’

i

. ‘@ contrast h;gh CO,- grown cells rgleaéed Iabclled 6@; whu% acCounted for

a .maJﬂr proportbon of the e, J’n these cells, only a srhaH amount of

. "- - N ~ ., . M X *
L label was, found' in the 'sugars Thcs,e results, ‘T'At agreement wnth the ;
- L e - . " od . .
.t
enzyn;p StudlCS lnd|éate that, nn!'hlgh CO;_ utullzattlon of Formate vua LA
- . Eal .
FLN * -
R HCQ Hl.PLeGlu synthetdse was not favored ‘Undér. such' cond! t_‘?~0ns*-_ ®,
,:'*?-., C W + . — S - .
. "fﬁrmnt" ma' ‘be L‘.“] .._u, princ puH dia forwic del'ﬁdn‘dycna:e with somer ‘..‘2
PR Ve L s T i’x
Ll “flxatuon of thc “‘COa prgJuCed T_heget possibilities were examined L O
SV P e v
. s tf;q. further expe{:ments ) ) LY : BNy Sk
,,,J v . ; N . - ) & -
"o ﬁ- f . .v‘ N L] ‘
As-aifmo acuds suc’n ‘s glycwe serme and met‘,hmrﬁme are closd‘J‘ _“'.&#
o g .. : '%” - Y w
d to the metabol ism o'F one- carhxm.\bmts the- mcof‘paratmn Q ‘q

G’] formate vnto these cogpounds would pomf*to a fJ'J 05 ce:ébon From I
’!.‘ L T

v.'{('tmate through thc pteroylglut‘amate poo] to ctﬂgse produ@tw tonse'ﬁuent—

L
b ' . AT ,v.p: ﬁ
W the levels of 1“C' in |nd|vudual frf.e and prote;n aﬂlno acxds v.’er@ L
- ‘ '-"“’h‘u .."..’4“\@;
: exammegﬁ nn detall Tabl'es Hi 15). The free po’ols of -serineg, “glutamic v .
e ; ERTER
' aecg, pgollne ‘aTamne and. valine ;were all Iabel]ld in cells whlch “had -

- . v,,o

) ¥ been gfown nn hlgh and. low'&‘,OQ Meth|omne§ 1soleucme andvlgucmg"we{e ’
,

'

k) e
?\&ﬂy %belled |n ]ow C02 grown ce]ls after*S mm“*of & ‘Gl wrm,ate fﬂ ng

. ¥
')‘ S (Tabie 114) : OF the ammo aC|ds Iabel!sd alanlrﬁ was found t‘o cohtéxn‘ o
. C - . " T .-
~the most r‘aﬁoactlvrty The arr)ounts"'of ’«C ln e'ac% amnno acnd Wwere -
A < . v
_‘;' deqfeased by the - hngh COZ trearment - This effect was most obv:ous in '
. . . .. } , .
- the shortest feedmg exp&.rsments Mese ammo ac:ds, together WJth‘ '

)

," others. were ]abelled m.,the protem hydrolyzates (Table 1~5)."-.,; For

~ .V’ e © o~ * ’ o ~
v ;i‘ examp]e glycme and aspart[c acud were orﬂy labell,ed un ]ow COz grown
{ o ce’lls wh|1e threomne was only labeHed m-h:gh CO"Z grown oells ', Aga—m
o il e :

""z;-wz'--_ n 2 min . feedxngs the labels Jh aU tHe amino aCldS were reduced bY the
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e

presence of hlgh €0, while Tn 5 min fcedlng% mors t abelled amino acids,
except threon;ne and methnonlnc coqtained The higher féﬁ%oaetivity“.

when the cells were grown «in" tow CO,. ’ : I
o . oL : '1§f$7
£4 . ' . * “ " " J
Int”dNOZCel/"P dfbbﬂ buts \n'mf 1‘? D sering o

There are" two major pathways by which serine couip be. lahelled

durlng the [1Y ]format feedlng@. Frrst i C}formate after conversnonl
[{“ijormyl pteroylglutamate and Qgﬁuttnonwgould condensc wnth
glyc:neJto produc@ [ ]%erune ”The’Jignuould as a :esu7t be predom:n—
1iently.in~fhe 3”9q§§%40n of Sérfee' Seeopdlw,([ L}!ormate maght be

. oxndnzed to 11‘CO» by formlc dqhydroqenase Foflowed by phbtosynehetid- &

reflxatlon of 'tco 02..%n this case, serﬁﬁe.WQﬁld be p
E‘l . ) . ' . g ‘
lat})elled_ih ;-h‘e.‘l -posr‘t i'oﬂr(Rab(;on Wé)
'.:J‘ v‘ " P * H .
In order to examme Lhcse pOSS'!b“I'lLIOS Gﬁie;ﬁne, 'lsolatcd e

= i R

from prételn h. d e Qi cpl]s xncUBated W|tH [‘ efformate for 5

Sitinant G«

1

e

“o~deteWm1ne the 4ntramolecula( dcctrlbutlon of I“Cl‘

v L v :Af_t" :

~ The” resu]ts are.sh0wn in Table 16. Serine +solated fr@m the low CO,-"~

. PR .
gTown c'T+s.cohta|ne! §¥/ and hl; of the {;C-nn the 3 and 2 po.itidns
;espect|ve]y, WIth only 9a of the Iabel in the\l pos:t;on n the «

r. -

g

¢ ot her hand, ce]ls groun in the presence of hxgh COv COntalﬂed [] Cf«ex|ne'

B _loh %es 602 9 and 3] ﬂlabelled in the 3 2 and 1 positions ﬂ)

-

"Fespec!tlvely- Th'S suggests that:in the Presence' of "high, CO?—’ Synthesm
S

[y

. \ L . » <
'of serfne from [ILC]forpate,lnvo]ved‘to sofme extent refuxatnon QF 1 02:
'1 . N
~F

In the presence of Iow ~ éuch W’{pp/eared to deruve most of “a.r_m*'

labef from the one;&arbon poo? Labell:ng of the o utron;ﬁﬁ/se%lne

o
AR

in the Iatter case suggests that the glycine pooi wh:ch acis @sga 1 SE-

. »

precursor oF serine was ]abelled by reverse of the glycune decarboxyl“

atlon reactlon observed in. anumals Yha/osakl et .zf.; 1966 ; Sato et WL.,

“ . . ‘v‘. \.

-

'z
PR Uy

v\f,‘
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TABLE 16. Imt_r‘anioYeeular distributfion of”C;‘n protein _'s'e‘ri._'ne‘afte‘r'_"

i . . . : . 1' R
metabolism of ['"C]formate. KA L

~3 . ' ST ,’ o N
. o 56 COn‘Hn»aur*»w Pty /ilr\‘. S
. " e 7 . ‘ rl - R
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"CH30H 11845

vy e

-";ﬂt' R A S % ST i
Y . L
Pﬁqtelvn [1 C];‘mne was |sqlateH from ceHs mcubated W|tl4 sodlurrL R
1y .f iy A N
[ C]formate for 5 min tn the presence of h an (%“ .
. _11, '. o Lo N . 5 .k . o, " : v ’ . '_'_.’\ ,
’ e N w T ‘*’
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Efybét of CC, on

‘

Lol . E s A . .-
Jcoarmoxutaf "on Jf {Zyomgtate AT S

)

--,1

',Euglena grown .. An hlgh €o-, the ievels Sf Formn

3

examlned to determune whether these were also affected by the COz

treatments

As C0. was one of the' major prodUC's of Fommane metabollsm in

- ‘ o - N

Q’: ET

v

1 ‘
W Y
]

dehydrogenase were f
.

P

Assays of formrc dehydrOgonase actsvuty in. dlalngd cell—free

g:“

~-w<$n )

o f
eitracts ghowed thaa addltlons of NAD or NADP on]y slrghtly lncreased

ﬂ i J A
ttﬂe rate of COg pr'uctlon A comparuson of enzyme actuv:tues in

‘) -

cell-free extracts of. hngh C02 grown cells and Jow COz—grown cells’are

" ¥ }3 w oL P

shown lﬂ Flgure IO Enzymc actlgnty Bn 8 pay cell basvs was much

s G o
“

v.
K

Thelresults of prevuous exper)ments xndrcate c!ose reiatIOnshnps

o

:hlgher an ;he*hngéacoy—grown cells than f0und yn theglow C02~grown>cele

}l’

bctWeen glycolate derdrogenase actuvnty and the. abnt|ty to syhth&suze

B .

h

3;7

'\,1

'3

eIO HCO HtPteGlu Fn th:s synth051s it Follows that glyoxylate a

v

vapfbduct &ai Tycolate dehydrogenase m;ght act as: thc source of Formate

for the IO HCO ~Hy PteGiu synthetase reagf;on ‘ An enzymic decarboxylatqon

t

of g]yoxylate yue]dlng COz and formlc aC|d has recently been reported:;'

by Zelntch (1972) t% was, ther

wonk,to determxne whether this rea t|

o

‘DJQZQTQ ce]ls Wthh sﬁowed decreased glyco]ate dehydrogenase

-

HoPteGly swthetase act:v:tles . , -

4 LIS

of éqv’ Lnterest ln the DreSent

vcould be demonstrated in
- 'l ¥

~ o

) .
I

“
Assavs were carried out under aeroblc condntlons w:th ﬁllumfnatlon

r!lt NES clear from Table

L
-

-

'p._.

.
L

and lO HCO- .

17 that the enzymlc decarboxy?atlon of glyoxylate

5

. IR S
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- ~ . DEHYDRUGENASE - A s
‘ ~'Ce11~fre_¥a ex’t‘r'a‘_c.ts‘were‘,preparg\from cells harvestged 2fter 10 wr &F <
the 4th cell c«/clgafollowi_ng culture in high and low z. The cruplete:
-r_eac"tion mi'>§tu‘rve, total volume 1.2 mls, containing 50.'u_'g..N@‘, Ul ulhi
Na . [*“Clformate (2umo]) and cell free extract was incubated at ,30°C:
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f(i~UCi/O¢131'Umol),'and'350 unﬁtg catalase waé‘incubated with cell-free -
. . S ) . . )

<

‘o N

[]fluC]glyoxy]ate

Ll
| BN e

U

R e o E
..

Reactjon mixture

Complete

-Mn

. . 520

L - ... 183.0

17,0 ‘ f T
B R L o .. :“1  . ,'5 -

. o . ‘ Y ) ) f L .
The complete reaction mixture, total volume 1.7 ml, containing 100 umol

potassium phoséhatc (pH 7.5),110 ﬂm61'MnC4p, 0.1 nCi [I?I“C]gjyoxyléte

’
, V 5 . . "0"

EREEEN

‘extract (300 yig of protein).for | hi at 30°C. - & - . - or

. « : - uy N
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ﬁ* L—megbnomne ltsclf 'ln earller resu]ts (Fig. 6) it was shdun bhat the
0 . o

- !c..f@
.

%

high CO~-grown cells were compared no apprec‘uéglc d|ffercnce_s v’ereb"

‘ 'wa's, therefo‘re“» qf mterest to ‘examing t¥ _épo_@rble eFFec? of ghls am,n’o

A e
o in these exper:ments cu]ture medua \‘lth and wuthout a Supplement

'of L- metJ'nOnme. mM) were )chq,Ja'ged aseﬁtlcaljy to glve an |n|t|al

. A

observed (Fi.c;a. I!)._ Further -studics"of thi¥ 'rcactlon employing

.,iv

[l—“C]gly'Oxylate and [21—1“C]glyoxylate as surbitra?es followed by -

analysus of the reaction products (Table 18) lndzcatcd that .\“COM

r

-Q .

arose enzymatucally from [I_-I‘C]glyoxylate but not fromQ? the glyoxylatc

c

The data further show ‘od Lhat formate and C“J)g qgere produccd in. cqumc]ar

amo"-r':'ts and' that t c&:mme was cxc!‘uswely cf'erlved from the aldehyd

+ . r >y - P R S .
o, T T 't':::“ -7 ‘-‘.“* P _ L
carquor glyoxylate ' . - LN e . ST T
) L ,
PR '
The ef cucs ,);" Lemidiionine o the sonec ntration of c”wZ lutamaio
. oo, . P 5 ' . .
dcpz"" tves wurin: iic cell eyele - R ‘
9. ' .3 - e . , .
It is c.lear {rom the Introduct.o,n tbt)t pteroy!glutamates are- |

. e e . -

mvolved in the blosyni,hesw of . methuomne a compound of c0n5|deruble
» .J .

»

.~phys1olog|c€]~1§19mFrcance as itis a dnrect precursaor of 5- adenosyl— '

e ' VoL ?»- o

meth:onlne* Jn dnfferent orgamSms tHi blosWthesas appears“t% bews .

TR T

el

regulated Lhrough repressson or. ln‘nnbntion G)?pteroy'lglutarwate~medcatccf

1

enzymes of the methxorune b:osynthetxc pathway 'In, certa_i'n instances

(Taylor et, JZ. 1966 Mr and Cossms 19;72)‘]>t.h§;-s ,co“ntroll"i‘fs eXerfed' by‘.-

.

G e~

-

. a "‘

T

growth of nu”uw was in fact affected by oaenous L- meth:onlne At
( ,0‘?\3 ! ¢

, . '"‘*“ . > A
acid on I‘r.Nels of p‘eroylgTutamate derlvatlves durlng the ceH cycle
.9d < ', i

V. ‘

-
.
I',.~'

»

s v,

’ . .

.sﬁconcentratxon of ed. 3 X' 10 g’ells/ml and grqwn synchronously wnth air

“ A “~ . [
- . Lt ‘ . e e
: B - SR )
. B B L w v )

PR
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“TABLE 18. 's 'of the enzymic decarboxylation of glyoxylate

r /
& = s e
' CAir ¥ 5% €0, in ajr
- S t%co, [F‘“C]forma’tg& olheo, L[ ]formate
Substrate - (upmol) (upmol) (1umol) . (Lumol)

. ] » . . .o ‘ 5 -'".,‘ ‘ o ‘ ]
[-Clofyoxylate 6488 4nfd) . Tisly . omd
[2-'"C]glyoxylate = -~ . /580 », ok 81420
X . "v ',l 4[ » 7 '\‘ ey . - .

,ecb av “rﬁcrc aned aqca\/ rrmdyru'mc ar 9.'35 A f»n
:ﬂ, ‘_ .'»exceptron ~that o 5omg- of ce” fre; eAtrdct prﬁtqm 3nq
P l
‘glyoxylate (O umol) or: [2— ’C]glyoxylate
e . : oo o . ' Y .
P *’the as§ay‘s £ f N o o T
%’.'i 'n.d. =not det'ec?'edf';f.)‘ SRR SR A,
Mo ek Y e o T Lt X : .
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~as described eamlier. The cells Qleré harvested af‘ter 10 hr‘of the iigh.t;
'phase avnd‘ after I hr of the“da.r'k pnase during the Lth‘ cell 'cycle”. ‘ .‘,.‘
'IP'teroyl'gI:utamate extracts were5prepared and then’ c’hr"omatographe_d oiE'\~ ’
d ,DEAE- cel]u.lose both before and after tr\?&\tment wi.th {-;;glutamyl carbo;iy;.'-' -
peptldase “The results of these assays S shown in Table 19. . ,’ ™.

L3}

1
~In the tht phasc t‘hevconcenrr'atl%s of formyl derlvatlves before

4 v

" Y- g]utamyl parboxypepudase treatment ‘were redu'ced” by ap‘proxlmately 30,/_.

when the medium c_ontalned L-methionine., In contrast @ the éoncggtr‘ations

. * L ' ' o . - _— ST e . :

e m::'i.hyi" (Jt:lfiv'd.l.ivés,'w-c:tc :IIU‘L' appiecPabiy \_I:a.'uged Ly ahis trestment.
& 1:.;. " N k . v )

'l\fter y g]utamyl garboxypeptnaase treatmdnt o‘t the ;xtracts the

concentratlpns of formy 'der'nvatlves were’ agaln &duced py approxmatelyv‘)f‘

Lol

“

25% in .the _preSence of L-meth:orfi HOWever',“'there was .an mcrease of @

B "Q t v v “V‘ i 5 . £ \",‘
‘20/ |n thc co-ncentratuon of conJugated methyl derlvatrv‘es lh thi‘a .o '
methlomm*grown cells, L e ' LY
L . Yo e ) e

!n thbe dark phase of the hth ceH cyclé the concentratlon of formy,l

deruvatnves before and aft.er carboxypeptldase treatment were draajtlcac?ly

) ’ v 7 . 3&“ - o . .
reduced |n the presence of L- methuomne Snmll"ér sharp‘»‘decreases- we’re -
“l 5 ¥ : P \;‘e S
apparent For methyl derlvatuves o&urrmg as polyglutamates un the

: .methnom_n'e—grown ce.Hs. o ro T - ' S A
." . . A » - . . . o - ) PR y, x .
. . . ‘ : i : L .

. N . y ~ - ’,p' . " . g
\ - . B - . . ..
ayme Ze{ls after growth <n- the' z:m ence: a:, L-méthtonine =~ - . i

e AT Cox el

kS

~.r"*The prevn ‘US ana]yses sy gest that ecreases ln formyl derlva{ Fves -
, q 5 )
S LI o B .;..

assoc«ated wsth ;methromne Feedfhg 'may be due to elther g greater

‘ v . . .' g ,._:‘ ', . R \‘ ' _. C
. utn‘lnzatlon of formyl derxvatlve,‘ or a decreased productloh of these’

»

AN deruvat:vgs when the ceHs recelwe exogenous methIOmne If thlSt,w
: £ ,

ratnonale‘ qs. Correct,v dlfferences in enz..tnwe Levels_, partlcularly 10~ HCO—

- " . . 1, N ,L 3,"‘;

T HlfPteG'lu',synthqtaS'e; may a]lso_ be associated wnth;vt-h-ls,.me:thuohn%e S
N M . . ot . \, . L l
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treatment: The'ieQels of this enzyme, serine hYdroxymethyjtransferasg
ana glycolate dehydrogen;se are shown in %able 20. From tHe data it is
clear that the level of the synthetase was drastically reduced in those
. cells recelvnng tha L mcthuonlne supplement yhile the levels of serine

b . .
hydroxymethyltransfcrase were |ncréased but those of glycolate
dehy&rbgenase were not apprec4ably altered .In this connection “the
'effects of L-methionine on 10-HCO-H, PteG]u-synthetaSe ahd serine hydro-"
xymet?yltransferasc are similar to the effects of high CO; concentration
. This implies that productlon of one- ca.bon units at the formyl and

methyl levels of oxidation are to some extent regulated by L*methnonine,\

a product of one-carbon metabolism in this organism.
. . N



«
TABLE 20, Effect of L-methionlne on the 1ev§15'of IO~HCO—H:PteGlu

synthetase, serine hydroxymethyltransferase and glycolate

dehydrogenase,

» * N

==l Tommme e
; . »

Enzyme activity

Product formed/

. mg protein | Product formed/cell
Enzyme T 7T = Meth ™ T+ 'Meth . = Meth + Meth
10-HCO~H, PteGly 270 24 1.26x107" 0.32x107"
synthetase (mumol ' : :
product formed/hr) . :
Serine hydroxymethyl - 23 30 37x1077 62x10"7
transferase (mumol. e, L .
product formed/hr) ' -
Glycolate dehydrogenase 1.8 - 1.4 1.7x1077 2.1x1077

(enzyme units)

4

Cells were harvested after~10 hr of the 4th cell cycle following
culture in the presence and .absence of L-methionine (1 mM). . Cell-free

extracts were assayed as described in the Materials and Methods.



DISCUSSION

o As outltined in the lntroduction, opergtion of the glycolate pathway‘

v
-

in¥, gracilis is w;dely recognvzed as an important route in the

metaéelnsm of carbon fixkd durung photosvnthesns It-is also clear that

“‘operation of this pathway is funely regu]ated by varlous culture
y ' conditions including CO, conCentratuon From the present‘studies it may
be concluded :that CO; concentratidn and L—methuonlne may both regulate

such carbon flow by causung repre55|on of a key enzyme of one*x carbOn

-

metabolism. In the followung dlSCuSSlOn the sngniflcance of thegg

~

controls and the xnterrelatlonshtps between the glycolate pathway and

pteroylglutamate mediated one-carbOn'metabolisﬁ-in~E. grucilis will be
R SR :
emphasized, | N .

Y

Changes in ptePOJZgZutamate pooZ 8tze and enzymes of one-carbon metabolism.

during the ceZZ cche

“

The experimental results in Figare 2 show that the levels of both
_conJugated énq\uhconjugated pteroylglutamates fluctuated during the cell
( cycle. At is perhaps not surprrsnng that net pteroylglutamate synthesis

occurred during illumination of -the cells (Fig. 2, Table 2) as these
\__

metahoTTEST1y hmxnﬂxwu;xkuuvatuves are known to be both directly and
N

lndlrectly involved im the syntheses of purines, pyrimidines, certainv
amino acids and proteins (Blakley, 1969) coNEtituents which are
predomunantly synthesized.during the light phase of synchronlzed cultures
(Edmunds 1965). These lncreases ia pteroy]glutamate p001 size (Fig. 2,
.Table‘Z) and the turnover of one-carbon units implied by the parallel

87 i

<
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enzyhe studies‘(Fig. k), conceivably reflect an increased demand for one-
.carbon units to support synthesis of consﬁi;uents like RNA and DNA which
are both formed prior to cell division in tﬁis organism &Edmunds, 1965b) .
Va;iagions in pteroylglutamate pool size dering growth Have also been
obsef;ed_in random cultures of Saccharomyces (Combepine et al., 1971;

v

Lor and Cossins, 1972). As in Eugleva, much of the inErease in pteroyl -

glutamate content could be. accounted -for by net synthesis of formyl and - -

methyl derivatives of H.PteGlu,. Chlorella cZZ'p301¢Ea fluctuations
in pteroylglutamate content dur{ng growth have been reported (Morimura,
1959) but the extraction and assay procedures employed in this earlier
work may have resulted in fairly extensrve degradat;on of Iab;]e N
deruvatnves so that comparispns with the present data are not possible,
, Chanées in pteroylglutamate enzyme. levels (Fig. 4) which
accompanied the cell cycle were in some respects simiiar to data fer
- related enzymes in random cultures of I. caset (Ohara and Silber, 1969).
In this bacterium the levels of lO-HCO—H“Pteélu”synthetase, H,PteGlu
reductase and 5,10-CH,~H,PteGlu dehydrogenase were affected‘by the stage
ané rate of érewth, with highest enzyme levels bejng encountered during
fhe exponential growth phase. Experuments with chloramphenncol and
actlnomycln D supported the suggestion that these enzymes were rapidly
synthesized by the.actuvely dlvnding cefis. 1In the present studies, the
" rapid increases in 10-HCO-H,PteGlu synthetase, serine hydroxymethy -
éransferase and the transmethylase (Fig. 4) clearly accompanied not only
—_— .
. the net synthesis 6?—E?EF5?T§TUf§ﬁafe dé?1vatTves but-also the rise in
.grycolate dehydrogenase act|v1ty (Codd and_Merrett, l97lb) and increased

photosynthetic capacity (Walther “and Edmunds, 1973). All of these

-changes argue for a rapid turnover of one-carbon units at thls stage of

\



89

“the cell cycle. The levels of 5,10-CH,~H,PteGlu reductase were,. however,
' .

found to decrease Jur{ng Lhe'lﬁght phase of growth (Fig. hd)_despite the
finding (Table 2) tha; methylated pteroylglutamates were rapidly |
syntHesized at this stage of the cell cyclerl Thi; suggests that the
activity or synthesis of this enzwﬁc may be striéthy.regulated in 7‘

"Buglena, as methylated derivatives accumulate. Mechanisms for such
- .

_regulation have been described for JSaccharomyccs (Cambepine ct al., 19715

Lof and Cossins, 1922) and for F. ooli (Tayiof ct al., 1966), wherc
methyl group piogenesis is controlled by end product inhibition and
enzyme fép}eQZEQn, respectiQely. An examination of‘E.agPaciZis for
similar congrolé,pf methy! pteroylglutamate biosynthesis would appear to
be warranted, partfcufarly at this stage of the cell cycle.
Analyses-of*ghe pteroyiglutamates of Euglené showed that the major
derivatives in this organism.wefe'Formyl and methy! forms of HuPteGlun}'

Before carboxypeptidase treatment; these were principally 5-CH;-H,PteGlu;

and 5-HCO>H“PteGJu3 while after such treatment fhg levels of both types
of derivatives were increased substantially (Table 2). The role of

5-CH3-H,PteGluy in the methionine synthesis of this organism is now

’

clear from recent studies (Milner and Weissbach, 19é9) of  the substrate-

»

specificity of 5-CH3-H,PteGlus:homocysteine transmethylase. The present

investigation,~althoggg éhbwing that some pteroylgutamate-dependent

.

. \ )
enzymes can utilize H4PteGlu, nevertheless suggests that other reactions

of ong-;arbgn me;ébolism.ﬁight be mediated by highly conjugated

. . " . ' ‘ " A""’ "

derivatives. ‘ﬁ o
» . . ¢ w T

pe—— i

. ) ! .’ .

S . N

. Regulation of one~carbon metabolism by CO, concentration

The results of .the present studies indicate that levels of

N
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HQO-H“Pthlun and CH3-HuPteGlun Q;:;7affectcd by the |eyel of €0,

received by the célls. The dranFTTc decrease in the‘JeVels of formyl-

ated pteroylglutamates by the high €O, treatment (Table 8) was

accompanied by an apparent repression of 10-HCO-H,PteGlu synthetase
L Y

activity (Table 10). This effect of Eoz-ma; not be a direct effé%t on
synthesis of the synthetase but is would nevertheless tend to reduég N
the bjosypthes}srofuformyl derivatives. This reduction in fogmyl group
biosynthesis was, however, accompanied by accumulation of methyl
derivativeg and by increases in the levels of serine hydroxymethyl-

transferase, These results‘suggest that conditions which reduce
) p Ve . 3.

s'ynthe_Sis of one-carbon units at the _f'rmyl~ level do not prevent their

generation at the Hydroxymethyl levei; This R{uggestion is further -

supported by the finding (Fig. 9) that the effect of high COz on
10-HCO- HuPteGlu synthetase and serine, hydroxymethyltransferase were
readnly reversed-when the cells were transferred to bow CO, conditions.

The lack of any significant effect of high C0; on formyl pteroyl-

v

glutamate pool size dd?ing the first cell cycle of C0; treatment
(Table GLﬁEerhapSegpowsythat-lO-HCO—HuPteGIu can be generated by
oxudat:on of 5 %0 -CH2-H,PteGlu, a route of possnble importance for

&
,generatlon of for%&ﬂ grgups when their supply via the 10-HCO-H,PteGlu

Q ‘ :

synthetase readtgon is restrlcted

b

The gene¥al conclusions based on pteroylglutamate analyses and
ehzymg studiés ére\glsoﬂéubﬁtantiated_by the results of the,[luc]formaﬁe
. fee@&}g é&peru;&ﬁtsQ As the levels of 10-HCO-H,PteGlu synthetase were
decreésed'in'éélls r;ceivfng high 0, (Table 10) it follows that less

_[I“C]formate shoyld enter the pteroylglutamate ool at the formyl level.

'lncorpbratnon‘ﬁf [r é]formate |nto the serine pool, partucularly in C-3

* ‘v % "
&
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‘regarding a flow of formate carbon through the pteroylglutamate pool,

Tt s clear from the data presented in Tables 14 and 15 that high CO,-

" ‘9]
could be regarded as an indication that a flow of one-carbon units was
occurring through the pteroylglutamate pool. As formic dehydrogenase

actnvtty was readily detected in lh7ynuz (Fig. 10), some refixation of

formate carbon via €0, could be expécted. In this regard only data from

o -
short feeding experiments would be meaningful in making conclusions

»

grown cells had less. capacity to incorporate [!“C]formate into serine

-
[

although such cells were also found (Table 11) to contain higher levels

of serine in the free amino acid pool. Degradation of ['“C]serine

produced by cells grown in low €O, showed that almost all of the label

was equally distributed between C-2 and.C-3 (Table 16) which suggests

that one-carbon units derived from formate were also incorporated into

~ C-2 of glycine. Although the relatively small pool of free dlycine was

not labelled in these_experimengs, label was detected in the protein
glyéine of these cells. The glycine decarboxylase reaction, if it~were
reversible in‘EugZena;;could adéount for this labelling of glycine,
its importance, in genération of this amino aéid, could well be

.

significant and may represent an aspect of one-carbon metabolism worthy

of more detailed study in this organism, ETI“C]Serine from high €0,-

P4 -v-n‘."

grown cells had a dufferent 1ntramolecular distribution of Y. This
fundnng also supports the suggestion that the high CO, treatment changed
the metabolic fate of [1 ]Formate. In this connection, it must be

noted the greater amounts of l“COZ evolved by such cells (Table 13) and

/thevr greater levels of formic dehydrogenase (Fig. 10).

?he metabolism of formate by higher plants (e.g. Doman and

Romanova, 1962; Cossins anmd Sinha, 1965, Jolbert, 1955) and by
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Saochdvvmgncn aerenioiae (Lor and Cossins, 1972) has now been investigat-.
ed }n detail. In photosynthetic tissues the assimilation of for%éte
appeafS'to be partially light-dependent and involves incorporation of -
formate princibal]y into serine plus some oxidatign to CO, and .
subsequéht refixagion via ‘the carbon reduction qycle (Doman and Rékhnova,
1962), In Saceharoryecs, the metabol}sm of [I“C]fqrmife.is regulated.by‘.
L-methionine present in thejculture medium (Lor and Coséiqf, !??2). o
.,DoMan>éﬁd>Romanova (1962) réborted ihat the presence of atmo§pheric Cao,
strongly inhibited the assimilation of formic acid vapour by J%acn;[u# /
vulgaris. The implicit conclusion of thése authors was that the .
apparent inhibition resulted from dilution of.the specific"radioactivityf
by atmospheric 602; This possibility is, however, unlikely to account
for %he,reduced formate utilization of fuglena cells grown in high Co»
as -serine, formed.from formage, was mainly) labelled in the 3 poéition
despite the fact that such cells had greater abilities to oxidize formate
to COz;Q'ThiS observation tends }o support the contention that decreased
utilization of [}“C]formate was a result'pf a partial rebression of

10-HCO~-H,PteGlu synthetase by high C0; rather than a dilution of formate

carbon in an‘intermediary pool ofdgvz.

The gZycoZate~éathway and biosynfhe;is of formyl pteroylglut&mates

o As reviewed in the Introduction, the glycolate pathway is known to
‘operatevin E. gracilis. In thfs rega?d Codd and MerrétF (I97I§) have

" shown that gfycolate dehydrogenase activity per volume of cultdre
increésed L-fold prior to cell division and remained at this level
during the dark phase when the cells div}ded. The present studie; show

that variations in'pperoylglutamate pool size occur during the cell
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cycle (Fig.‘ﬁgﬁpnd may be correlated with these changes fn glycolate
dehydrogenase éctivityl This implies that a close  interrelationship
exists between synthesis of one-carbon uqifsuand the metabolism df
.glycolate., Glycolate metabo!ism‘in photosynthetic tissues involves

oxidation to glyoxylate and subsequent t:ansamination to produce glycine

N

(e.g., Cossins and Sinha, 1965; King and Waygood,']968; Tolbert et al.,

-~

1969) as well as decarboxylation of glyoxylate to formic acid and €O,

w(ZéIitch énd,déﬂoé,‘lég;; folbert et aZ.,Aléh9; Ken£eﬁ and Mann,‘1952);

- Glycine may also give rise to‘qgé-carboh~uniEs through the glycine
decarboxylase reaction in some plants (Cossins and ‘Sinha, 1966; )
Clandinin and Cossins, 1972), animal. (Sato et al., 1969; Yoshi@a and
Kikuchi,,f970)_and bacteria (Klein aﬁd Sagers, i966a15). In F. gracilis,

it is not known_whether the glycine splitting reaction has any

E—

physiological significance in ‘the biosynthesis of one-carbon units
_ . . '
within the pteroylglutamate pool. If it was of importance one might

expect treatments suchi®s high C0, and a-HPMS, where glycolate déHydro-

genase levels were decreased (Tables 4 and 9), to cause parallel
decreases in the levels of 5-CH;-H,PteGlu and possibly also formyl .

pteroylglutamates. In the present studies, however, methyl derivatives
- I

tended to increase or were not affected by such treatments (Tables 3 and
I A

. .
8).

The effects of high €0, and a-HPMS treatments on the level of formyl

Id

pteroylglutamate derivatives rather suggests that formic acid, rather

than glycine, is the major one-carbon source for the synthesis: of
HCO-HyPteGlu,. The decreases in HCO-H4PteGlu, pool sizes, associated
with decreased levels of glycolate déhydroéenase and 10-HCO-H4PteGlu

. ¥ .
synthetase in the presence of a-HPMS (Table 4) and the occurrence of an
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\
enzyme catg);vjng the production of. formate from. glyoxylate (Table 17

N }_,:U;V.’,J\f Fas -
: A - . . L . ‘
#¢ and ﬁﬁg. 11) all supports this view. It is interesting to note that
. ‘ ! v HEE | .

el -
on' of ¥H, 0, by the glycolate dehydrogenase reaction has .so far

-

gllestablished and glycolate dehydrogenase containing microbodiciL’

e Juglena lack catalase activity (Graves et al., 1971). These

Y v !

Servations may exclude from a physiological role the non-enzymic

S
L OF

‘decarboxylation of glyoxylate by H>0: (Zelitch and Ochoa, 1953; Kénten"

and Manh} 1952) and tend to strengthen the case fo&;an enzymic
'dgcarboxylation in pive as a route for generation of one-carbén units.

The results of the present investigatioﬁ also show that when E.

graéilﬁs cells, grown in high CO2 were transferred té low CO, , glycolate
dehydrogenase appeared to be deFEpressed. These results are similar to
reborts for Chlamydcmonas reinhardii (Nelson and . Tolbert, 1969). An
apparent repression and derepression of "10-HCO-H,PteGlu synthetase by
high COz énd‘upon transfer to low COz (Table 10, Fig. 9a) followed ¢he
pattern of glycolate dehydrogenase. This impiies that production of
one-carbon units at the forhyl fevel is related to operation of theA
glycolate'pathway. 't is, however, not clear whether the level of
IO-HCO—ngteGluVsyé&ﬁ?tase is regulated b;_the availability of formate.
Induced synthesis of this enzyme has, in fact, bgen observed in
Miecrococcus aérogenes (Whiteley, 1967) and would be worth éxamining in
Euglena; . ' s & |

: The [I“C]formateAféeding experiments alsq showed that in the
presence of low CO2, considerable amounts of 14¢ were fncorporated into
the sugar fraction (Table 13). This is consistent w}th'operation dfh
the glycoléte pathway.‘.Other lgbeiled amino acids ébServed in ;hese.

B -
experiments, such as alanine and glutamic acid, were conceivably also
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products of [!“C]serine metabolism. When the cells were grown in high

€02, much less ['“€]formate was incorporated into sugars. This

" observation implies that a uiter reaction in‘the pathway leading ‘to

/ -
sugar formation may also be rcgul}ted, perhaps indirectly, by €0,

concentration.

t
Hééiigtion of formyl pteroylalutamate ﬁfosyntdcsis by L-methionine
_ The.present investat ions have.a]so‘suggestéa‘iéat methionine or -
its product regulates the biosynthesis of HCO-HuPteGlun. Conceivably
this could occur through lerring the levels of IO-HCO-HuPteGlu
v " ' ,
synthetase (Téble 20). This effect in Fuglena is apparently
raifferent f rom th;t observed in Jaceharoruces (Lor and éoss[ns, 1972),
in ﬁk.colf‘(Taylor et ﬁl.,.l966) and in higher blants (Dodd and
Cossiﬁg, 1970;'C1andinin and Cossins, 1973). In facnhqromycqs,.
L-methionine decreases the flow of carbon through the methyl-H,PteGlu
pool by inhibition of 5,10-CH; -HyPteGlu reductase and by repre;sion
of S-CHg-HgPteGlu:Homocysteine transmethylase. In %, col?, methionine
controls one-carbon metabolism by repression of S,YO-CHZ—HqéteGlu
reductase.  In the mammalian systeﬁ, the reduztase is not repressed
but is inhibited by S-adenosyfmethioniﬁe. In‘glqnfs, S-CH;sHuPteG[u:
homocyéteiﬁe tfansmethylasé (Dédd and Coésins; 1970) énd.glyciné

detgfboxy]ase (Clandinin and Cossins, 1973) appear fo be inhitibed

by L-methionine 7n vitro. The apparent représéion.ofIIO-HCO-HuPteG]u
"synthetase by exogenéus methioniﬁe in Fuglena would conCe{vably,
conserve HyPteGlu by decreasing the flow df one-carbon units in the

direciion of methionine synthesis. Under these conditions one-carbon

units required for: other syntheses may be derived from serine as a
. ¥ o -

v
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indicated by the accompanied incseg:ed levels

transferase. '
i .

Coneluding remarks

[}
The results,of the present work clearly indicate that a net

.t LR :
synthesis of pteroylglutamates occurs in division synchronizéd cultuyres
of E. gracilic prior'to cell diyision. Onc-carbon units for this
synthesis may-be derived from*glycolate_and as such would be>9rqdﬁgeg :

predomunantfy at the formyl level of oxidation. Opetation of the

N

o

glycolate pathway and formatnon of one-carbon units at the formyl Ievc]
v

~ 2

appears to be regulated by the conceritration of CO: avanlable to the
cells and\also to some extent by the presenée of L-methionine. High :
concentrations of €O decrease in the levels of glycolate dehydroqenaso

and 10-HCO- H.PteGlu synthetase by approxnmatcly 95% and consequently HCO-'

. L 4

HyPteGlup, pool size was decreased by this treatment. L-methionine also
appears_ to rebulate synthesis of 10-HCO- HuPteGlun by an effect on the

1level of 10-HCO-H.PteGlu synthetdse.” Under these cond1t|bns the

‘e v.

serine hydroxylmethyltransferaseéwﬁctson assUmes a key role u\the

generation of one-carbon units. These.basic cohCIUSlohs are summarlzed

in Scheme 3.

[y

At present knowledge of one- carbon metabollsm is 'still |ncomplete

-

This is partlcularly true of |nformat|on regard»ng productlon and
utilization of pteroylglutamatesoand thg&basic mechanlsms which reéqlate
‘these reactfons. The present results have focussed attention on the |
interrelatidnships between one-carbon metabolism and glycolate pathway

and have drawn attention to mechaqj’hs,whfch could regulate the’
’ . &

biosynthesis.of one-carbon units under aytotrophic conditions. However,

-
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Photosynthetic carbon )
g © reduction cycle
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SCHEME 3. ‘Glycblate.pathway~$nd synthesis of one-carbon units in

Euglénd gracilis.

1
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the actual mechanisms for regulation of 10-HCO-H.PteGlu synthetase and

serine hydroxyméthyltransferase by €02 concentration and by L-methionine

<till remain to ba fully elucidated.
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