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ABSTRACT

A detailed examination oi- tetrahydrofolate derivatives, their
synthesis and turnover in acrated carrot tissue disks has been conducted.
Derivatives w.re assayed microbiologically with Lactobacillus casct (ATCC
7469) and Stroptococcus fucealis (ATCC 8043) after separation by'DEAE-
ce]luiosn chromatography and treatment with y-glutamy! carboxypecptidase.
At initial slicing, carrot .tissucs zontaincd 17-42 ng folic acid equiva-
lents/g fresh wt. as assayed by L. caset. 'Thcrmajor derivative foundkwas
5-methy§tetrahydrofmlnte, réprcsenting 61% of the free- folates assayed.
Lesser é@ounts of lO-fofmyItchahydrofo]ate mono and diglutamate forms
were also detected. Quantities of these derivatives increased substan-

f
tially v % aeration of carrot gl?ces in distilled water, 0.1 mM gibberel-
lic acid, 5.0 mM L-methionine and 10.0 mM L-ethionine. Largest increases
in the 5-methyl derivative were found in methionine-treatéd slices. A

substantial portion of the folate pool was found to exist as methy!

polyglutamyl derivatives.

The activity of enzymes particfbating'in folate-mediated Cy
transfer reactions was studied in vivo and in vitro. 10-Formyltetrahydro-
folate synthetase, 5,10-methylenetetrahydrofolate reductase, S-méthyl-
tetrahydrofolate:homocysteine transmethylase and serine hydroxymethyltrans-
ferase showed considerable increases in specific acfivity during aeratiqn
of carrot slices in distilled water, gibberellic acid, L-methionine and
L-ethionine. Repression of these enzymes by L-methionine was not apparent.
Within specific concentration ranges, L—mefhionine showed some inhibition

of the first three enzymes mentioned.



‘bncorporation of T“C from [1"C]formate was followed in pre-
treated carrét tisspc disks. Slices aerated in distilled water, gibbercel
lic acid and L;mcthibninc,_in comparisoﬁ té freshly-cut slices, showed

A
cnhancpd ability to incorporate he into €0,, lipids, sugars, organic and
amino acids. When the specific radioactivity of free and protein amino
_acids was determined, it was apparent that aerated siiccs from all three
treatmcnté had greater ability to incorporate formate inFo free amino
acfds related to one-carbon metabolism such as'scrine,.methiénidéiand
glycine. Methionine had the highest specific activity in all three

treatments.

A study of free amino acids in carrotltissue revealed fhat thig
pool chéngéd drastically with length of storage of the mature roots.
Longer stored tissge showed clevated free amino acid levels. During
aeration of slices in distilled water, gibberellic acid or methioninc,
the free amino acid pools declined dramatically. On the other hand,

protein amino acid levels increased during the later stages of aeration.

Respiration rates were found to increase more in carrot slices
aerated in gibberellic acid and 0.02 mM aminopterin than in L-methionine
which. gave values simiiar to those of the distilled water control.

Respiration in car~ot . .ks was inhibited by L-ethionine.

It is concluded that tetrahydrofolate derivatives play a
significant role in the enhanced biosynthetic processes known to occur

in storage tissue slices undergoing aeration.
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LIST OF ABBREVIATIONS' .
4

C carbon-one

14 : ; .
THFA :  tetrahydrofolic acid
5-CH4-THFA N -methyltetrahydrofolic acid

10-HCO-THFA

me t methionine

SAM S-adenosyl-L-methionine .
ATCC American Type Culture Collectipn

EC Enzyme Commissién

g, Mg, ng gram, microgram, nanogram

M molar

umol, nmol

EMP Embden-Meyerhof pathway

GSH‘ ;educed gluthathione

Tris tris(hydroxymethyl)aminomethane

LAA indoleacetic acid

GA3 gibberellic acid Aj

conc. concentration * ‘

ADP, ATP adenosine diphosphate, adenosine triphosphate
NADP . Hi;SETnamide-adenine dinucleotide phosphate

~

NY0-formyltetrahydrofolic acid

micromole, nanomole

T Other aBbreyjations commonly utilized in the text are given in the
format acceptable for publication in the Biochemical Journal as listed

in vol. 126:1-19° (1972).

T Although it is_recognﬂzed that tetrahydrofolic acid and its derivatives
have synonymous names, for exampie, tetrahydropteroylglutamic acid
(HyPteGTu), as suggested by the IUPAC-1UB Commission (37ioci.cm. dJ.
102:15 (1967)); for the sake of continuity between common usage in-
the literature, enzyme nomenclature and this text, THFA will be used.
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pm
uCi

FAD

GDP, GTP
DEAE-cellulose
mRNA, tRNA

c.p.m.

)
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micron

microCurie

flavin-adenine dLch]edtidc
guanosine 5'-pyrophosphate, guanosine 5'-triphosphate .
diethylaminoethyl-ccl]:}osc

messenger RNA, transfer RNA

counts per minute
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INTRODUCTION

Studies during the -past two decades have revealed that higher-
plant storage tisstes updérgo considerable metabolic transformation
following slicing and 'aging' of such tissues at physiological tempera-
tures. These induced metabolic activities include: activation of a large
numbef of enzymes; synthesis of new protecin, RNA and DNA; an increased
ability to metabolize exogenous substrates; differential response to
applicatimn of growth-regulating substances and a marked increase in

pespiration rate.

The enhancement of such processes directly or indirectly
imp}icate one-carbon métabolism playing a.significant role in the bio-
synthésis of key intermediates required for such activities as those
mentioned earlier. To date, absolutely no investigation of any kind has
ibeen directed at elucidating the interrelationship of bioéhemical events

occurring in aerated storage tissue disks to a dependence on C; metabolism.

In keeping with the current research of this laboratory, the

production and regulation of one-carbon units were the basic objectives
*

of this study. It was proposed, then, to utilize aerated storage tissue

dfsks as a dynamic system which afforded not only ease of handling and

some degree of homogeniety of higher-plant tissue but would also exhib ¢

active biosynthesis of methyl groups. To expand the scope of the stud, ,

use of gibberellic acid, by virtue of it;4ability to enhance methylation

and nucleic acid‘synthesfs, was introduced as a means of manipulating the

métabo]ic activitieé of this system in an effort to facilitate investigation
- . RSN

of the role folate derivatives and related enzymes play during aeration.



To bring the study inio perspective, it is proposed to review
literature Havihg direct bearing on the present investigation in both
fields with only brief reference to other basic research. On the one
hand, an attempt wilf be made to orientate the reaécr to the 'system'
and the dynamic changes that ‘occur during aeration which implicate‘
involvement of C; metabolism. On the other hand, a review of one-carbon
metaboliém will be made, its‘occurrence and regulation in plants, micro-

organisms and animals, as well as the interrelationship the two major

areas have to the present investigation.

7



LITERATURE REVIEW

I. Acration or Aging of Storaqe Tissuc Disks

"Extensive use for purposes of physio]ogiéa] and biochcmi;al
experimentation has been made of disks cut from storage tissuc organs of
various plant species. Since the present investigation dealt entirely
with one specific tissue, namely carrot (uncus carota L.), the literature
dealing with pertinent features of such a system will be reviewed from
the standpoint of carro£ firs;, supplemented by information drawn from

other tissues for areas not studied in carrot.

A. Definition of Aeration as Opposedbto Aging

Thin slices of disks, ranging from 0.3 mm to 20.0 mm in diameter
and 0.2 mm to 2.0 mm in thickness, have been cut from cores of storage
tissues such as carrot, potato (Solanmwn tuberoswm L.), Jerusalem artichoke
(HeZianthus tuberosus L.), beetroot (Beta vulgaris L.), 5ugér beet
(B. vulgaris var. sacchqzijbra), turnip (Brassica rapa L.) and sweet
potato (Iéomoea batatas Lam.) and placed into various solutions, distilled
water being the most common, through which air‘is circulated causing a
washing, floatating or'circulatingiaction. This p;ocess, continued for
short periods of time, is generally termed 'aging' in the literature.

It has also, oﬁ occasions, been referred to as 'incubation' or 'aeration'.
The term 'aging' is probably more appropriate when used in reference to
tissﬁe which is undergoing senescence rather than tissue undergoing

enhanced biosynthesis, as is the case in aerated sliced storage tissue disks.

This thesis will, therefore, use the term 'aeration' to refer to the process



whercin sliced disks arc placed in a liquid medium through which air is

passed for defined periods of time.

B. Bacterial Contamination of Disks during Aeration

In early observations of metabolic changes occurr}ng in aerated
disks little attention was pgid to conditions of aeration or the medium
used. For example, MacDonald ct al. (1961) used tap water -as a medium
for disks in some of the original studies. |t was not until recently
that Leaver and Edcliman (1965h) recognized the fact that artichoke and
carrot slices became: contaminated with'relatiyely large amounts of
bacteria. In some cases it was shown that as many as 102 bac}eria were
initially present per car}ot disk which increased to 5 x 10° bacteria per
disk after 24 hr of aeration ih distilled water. These bacteria were all
of the pseudomonad type (Edelman and Hall, 1965). Clearly, such numbers
of bacteria could signjficantly alter or contribute to biochemical pro-
cesses in thé higher plant system and could erroneously contribute fo the
parameters being observed. Bacterial numbers can be effectively reduced
by use of 50-100 ug/ml chioramphenicol (Leaver and Edelman, 1965b; which
reduced bactgriag numbers to several hundred'per carrot disk after three
days of aeratfonf} 5.0 mM CaCl, (Wildes and Neales, 1971) or simply by
employing asepticltéchniques along with frequent changes of the medium
(Edelman and Hall, 1965; Reed and Kolattukudy, 1966). The latter approach
resulted in artichoke and beetroot slices which wefe essentially free of
bacteria after two days of aeratiog or at worst contained only low numbers

per disk.



C. Observable Metabolic Changes

1. Respiration

One of the parameters first obse}ved in aerated storage tissue
sliceé was that of increased respiration rate. Slicing of such tissues
followed by acration generally led to a marked increase in respiration
(Steward ct'al., 1940; Laties, 1960; Ap Rees, 1966; Davies, 1966). This
increase, commonly termed 'induced respiration’, is dependent for its
initiatfon-upon slicing, upon aerobic metabolism of the slices and is
characteristically accompanied by marked changes in metabolism to be

reviewed in appropriate sections.

Following placement of freshly éut carrot disks in aerated
distilled water, there is an immediate decline in respiration rate as
measured by oxygen consumption (Adams, 1970a5. After a recover; period
of about two hours, two distinct stages of rate increase are observed, the
firs£ extending to 24 h; and the second after 40 to 60 hr of aeration
(Adams and Rowan, Ié70). The respiration rates have usually beén observed

to approximately dqhble within 24 hr in such systems (Steward and Preston,

1940; Adams and Ro%an, 1970) .
. // .
/

Respiration rates in assorted other storage tissue also show

substantial increéases upon slicing and aeration. Early work by Steward

et al. (1940) i#dicated that potato tuber slices placed in salt solutions
/
showed large idéreases in respiration in résponse to aeration. Laties
(1960) showed/lhaf increases in the”respiration of potato slices in dis-
/ .
tilled water/@ere inversely proportional to slice thickness. Slices 0.5
/

mm thick showed a 400% increase in respiration over a 24 hr period.



Plausible reasons for this increase in respiration were origin-
ally proposed by Laties (1959). It was believed that the respiratory
rise was initiated by removal of a restraint on phosphorylation activity

of the tissue. This was later modified to include an activation of pre-

i

existing mitochondria (Fowke and Setterfield, 1968). More recently it has
been shown that induced respiration is dependent upon synthesis of RNA

and protein (Ap Rees and Royston, 1971). Such rencwed synthetic activity
could lead to development of induced respiration in two ways (Ap Rees and
Royston, 1971). First, increased demands for ATP could ‘increase the
activity of respiratory enzymes present in the fresh tissue slices and
second, there may be a net synthesis of enzymes related to respiration as
axemplified by the rise in invertase. Ap Rees and Royston (1971) concluded
that increased respiration must be the result of increased.synthesis caQ;ed
by slicing and aeration of disks rather than the reverse (Laties, 1963).

3
2. Changes in sugars, organic, amino and nucleic acids during

aeration of storage tissue disks

Alabran and Mabrouk (1973) reported that free sugars make up 8.2%

of the fresi c-- “ o constitute 91% of the to;af sugars. Of this total;
sucrose, B-gl.c .ic =ose and fructose make up the majority, 37.9%,
20.8%, 16.2% ar i, spectively. During aeration of carrot slices,
the main metab lic - © “ppli~d giu sse indicates that it is converted

]

to sucrose and then o, ¢ EMP &g pentose-phosphate pathways

(Ap Rees and B==vers. . :C o | .

During growth, carr. ¢ Oow a -"eguiar accumulation of soluble
sugars with sucrose being tne pr.-zipal _ -ar present at the time of

maturity (Platenius, 1934). Upon storage this sugar comprsition changes



(Goris, 1969) with the levels of sucrosec necarly doubling after three months
of-storagc while those of glucose and fructose decrease by fifty percent.
Free sugars have been shown to decline after slicing and aeration of these

tissues (Ap Rees and Beevers, 1960).

Splittstoesser (1966) detected malate during [1%C]lleucine.
incorporation studies in carrot tisgue. Otsuka aﬁd Take (1969) detected
rélative]y low conccntratfons‘of a-ketoglutarate, succinate,vglycolate,
lactate and citrate in fresh carrot root tissue while Lacharme and Nétien
(1969) noted that aconitate and isocitrape were also present, however, t..c
latter were carrot tissue culturés. MacDonald et al. (1961) noted that
during the first 72 hr of aeratioq of beetroot slices the;é was an overall
increase in ﬁost organic acids and as much as a 300% increase in a few

individual acids.

The amino acid composition of carrot tissues has been examined
by -several worgers (Bourke et al., 1967; Otsuka and Take, 1969; Alabran
ahd Mabrouk, 1973). According to Alabran and Mabrouk (1973), the principal
aminoracids are aspartate, serine, glutamate and alanine. |In contrast, ‘
Otsuka and Take (1969) found little aspartate in their analysis but noted
substantial quantities of threonine and valine. Bourke et al. (1967) also
found substantial amounts of threonine and noted the total frg; amino ac:d
content of'carrot, purchased from a local market, to be about 3.73 umol/g

fresh wt.

Little is known about changes in -amino acid composition in carrot
during aeration, however, in beetroot the total amino acid content,

estimated as soluble nitrogen, falls during aeration of slices (MacDonald

s



et al., 1961). Thurman ot aZ.‘(I96j) also noted that most amino acids

declined during acra}ion of beetroot disks with the'cxcepfion of glutamate.
Their studies revealed that the most common amino acids of beet disks were
similar to those of carrot (Alabran and Mabrouk, 1973); haﬁely, aspartate,
glutamate, serine, glutamine, asparagine and threonine. Little methionine

was found in beet tissue (Thurman et al., 1963).

If such tissues, low in 'methionine, are able to support active
protein synthesis and RNA methylation during aeration, clearly turnover
of methionine must be very important. This turnov.r, in relation to
metabolic changes during aération'of Storage tissue disks, is open to

investigation.

During induced respiration in carrot disks, increases in RNA
content of approximately 50% have been reported after aeration for 24 hr
(Leaver and Edelman, 19654). Polyribosome formation is enhanced during
the first‘6 hours of aeration (Leaver and Ke?, 1967; Lin et al., 1973)
and is believed to Be one of the earliest. biochemical chénges associated

<

tissue di;ks: Such a change is believed to

with aeration of storag

underlie the oﬁset of praféin synthesis and is probably dependent on mRNA

synthesis, the latter beinjessential for polyribosome formation (Leaver

and Key, 1967).

In addition to RNA synthesis, Bryant and Ap Rees (1971) have also.
noted ‘that net synthesis of DNA occurs in carrot slices aerated for 48 hr.
They concluded that induced respiration was dependent upon the synthesis

of new RNA and protein.



In other tissues subjected to slicing and aeration, increases
in RNA_synthcsis have also been noted (e.g., Ellis and MacDonald, 1967;
Vaughan and MacDonald, 1967; Sampson and Latiés, 1968; Rose et al., 1972).
In beetroot and potato s]i;es, this has largely been rRNA (E11is and
MacDona]d,b1967; Sampson and Laties, [968). JAs in carrot, it‘appears
that induced respiration in potato disks is dependent upon RNA and protcfn
synthesis (Brinkman et al., ]973). Such increases in nucleic acid |
syﬁthesis are believed to stem from the slicing of tissue into disks
inducing a derepression of gene activity which subsequently is responsible
for the synthesis of béth ribosomal and messenger RNA (Ellis and MacDonald,
]967; Vaughan and MacDonaTa? 1967) . The synthesis of new mRNA then.leads

to activated protein synthesis (Ellis and MacDonald, 19£8).

s
Synthesis of nucleic acids requires one-carbon units that_must

~

either be derived from an available folate pool or be actively synthesized

as needed. The involvement and control of C; metabolism as related to
enhanced nucleic acid biosynthesis induced by aeration of tissue slices

is an area to which investigation has not been directed.

3. Enzyme activ’ and protein synthesis

Until recently, little fnfo;mation was available regarding
changes\in enzyme activity and protejn content in carrot tissues although
MacDonald et al. (1961) demonstrated a net synthesis of proteiﬁ in aerated
beet disks. These early measureménté were made on the basis of changing
nitrogen contents of the tissues. More recently, héwaver, measurement of

lprotein synthesis has been in terms of enzyme synthesis with invertase

being a common parameter.



Ricardo and Ap Rees (1970) noted that increases in invertase
actiQity in acrated carrot slices were accoﬁpanied by a decline in sucrose
Lo ]
levels. In common with Jerusalem artichoke, carrot disks appeared to
produce a proteinaceous substance capable 6f inhibiting the development
of invertase in freshly cut tissues (Bradshaw ot al., 1970). Enzymes of
the pentose.phosphéte pathway, particularly 6-phosphogluconate dehydro-

genase and glucose-6-phosphate dehydrogenase increase within 24 hr of

aeration in carrot slices (Ricardo and Ap Rees, 1972).

In a comprehensive study of enzyme activfty in aerated potato
slices, Sacher ct al. (1972) observed that, of 17 enzymes studied, most
were synthesized de novo during acration. The most-significant increases

occurred in phenyl-ammonia lyase, shikimate dehydrogenase and ribonuclease.

Jeruéalem artichoke slices have also been examined forvactIQation
of enzymes during aeration. -For example, incrgases in--invertase and
ascorbate-oxidase activities have been clearly observed (Edelman and Hall,
1965) and rapid increase in the levels of peroxidase, catalase, cytochrome
- oxidase and phenol oxidase have been noted ' (Bastin and 5ijkmans, 1970) .
‘These increases are thought to be due to a stimulation of the rate of
enzyme synthesis rather than a decrease in the rate of decomposition

(Bastin and Unlier, 1972).

Sacher et al. (1972) have proposed a plausible exp]anatlon for
the widespread yet often selective |ncrease\|n enzyme activity noted during
aeration. They believe that the general increase in protein synthesis could
be due to derepreééion allowing production of a wide range of messenger
RNAs. The sélectivity in mRNA production céuld explain why some enzymes.

fail to show an increase during aeration. :



L. Structural and morphological changes

Various réports indicate that growth and/or cell differentiation
may occur after slicing. Phloem slices of carrot tissue less than 0.5 mm
in thickness were found to have vessel element formation after eight to
nine days of aeration but slices greater than 0.55 mm thick showéd no

formation of vessel elements even after one month (Mizuno et al., 1971).

Studies of Jerusalem artichoke have shown that thé number of
cellé per disk did no£ change during an aeration period of two days
(Edeiman and Hall, 1965). Before aeration such tissues have an elementary
endoplasmic reticulum and small nucleoli but fol]owing'aeration'a; increase
in endoplasmic reticulum and attached ribosomes occurs (Fowke and Setter-
field, 1968).

- . \

i)

After aeration, potato slices showed a marked increase in mito-
chondrial numbers (Verleur, 1969) and these mitochondria tended to be a
heterogeneods population having different sedimentation velocities,
complexit9 and biochemical properties /Ver]éuf/et al., 1970). In potato
mitochondrial preparations, the rate of oxygen uptake was limited by ADP
leveis,-substrate oxidation being immediately accelerated on'addition of

ADP Zn wvitro (Verleur, 1965).

D. Effects of Growth Regulators and Other Exogenous Treatments on

Metabolism of Aerated Disks

In aerated beetroot slices (Palmer, 1966), GAj concentrations
of 107" to 107® M enhanced respiration, absorption of phosphate and
invertase activity. JAA at 1073 M inhibited the above paraméters. In

later work, Palmer (1970) noted that in artichoke s]icés phosphatase



activity did not increase with acrationlbut on addition of 10~" M IAA a
300% incrcasc was obscrved. Mo <uch stimulation occurred when GA; and

kinctin were added. Invertase synthesis in aftichokc slices was shown

to increase as a result of GA5 application but physiological concentrationé
of IAA inhibited invertase synthesis (Edelman and Hall, 1964). In the
same study, thcse workers found the syntﬁcsis of invertase in carfot

disks was suppressed by [AA, i

Not only do growth regulating substances have a profound effect
on enzymé activity of storage tissues, it has been noted that when used
alone or in combination théy are capable of inducing growth or differentia-
tion of such systems. It is generally accepted that ¢A3, when used alone,
is not capable of promoting the growth of artichoke cells but auxins and
kinétin may act synergistically to promote e ‘ner ce]]_divisionvor cell
expansion (Setterfield, 1963; Fowke and Setterfield, 1968).. Auxin,
applfed.after an aeration period, induces true growth as evidenced by
increases in structuraléprotein, organelles and general cell expansion
(Fowke and Setterffeld, 1968) . Yeoman and Mitchell (1970) found that
during aeration of artichoke fuber slices, the age of the tuber-and its

post-harvest treatment were important in determining whether cells sub-

jected to aeration would show expansion or division.

Explanation of the mechanism behind ghe effects of many growth
regulating substances is still the subject of research. Fowke and Setter--
field (1968) determined that auxin was ndt essential for RNA synthesis in
artichoke slices, and that GA3 suppressed cell division. Using this
information, Kamisaka and Masuda (1970) found that'supp]ying GA3 to aerated

artichoke slices stimulated the incorporation of [!%C]thymidine into the



DNA fraction ana therefore concluded that GA5 stimulates DNA synthesis not
related to cell division. Bamberger (1971) attempted to further explain
ghe action of hormoncs on the basis that since GA, and IAA are initiators
of RNA synthesis because of their capacity to loosen both the binding of
histone to DNA and DNA to DNA in the double helix; then GA5 mu t be
responsible for increasing the number of template sites on DNA. Synthesis
of-a small but specific RNA fraction would then follow. This specific
iraction might then be responsible for increased synthesis of specific
enzymes as in the case of a-amylase and ribonucleasc in barley alcuronc

fo]]owing'GA3 treatment (Chrispccls and Varner, 1967).

fhese findings raise the possibility that GAj treatment of gissue
disks may enhance protein synthesis via stimulation of nucleic acid bio-
synthesis. Whether the additional C; groups are alrecady available or have

to be syrthesized do 1novo is of interest.

Exogenous amino acids have also been added to the liquid medium
in an effort to establish the nature and regulation of biosynthetic path-
ways in aerated storage tissue disks. L-meth onise (103 M) and its ana-
logue L-ethionine have been found to inhibit }espiration in aerated turn}p
'disks (Davies, 1966). As S-adenosyl methionine (SAM) accumulated in tur-
nip disks when L-methionine was supplied, Dav}es proposed that the latter
amino acid inhibited respiration by trapping adenosine and thereby limiting
the rate of oxidative phosphorylafion. Similar data were obtained for aer-
ated sugar beet slices (Stone ¢t al., 1970). Respiration in carrot xylem
slices, aerated in 5 mM L-ethionine, was not immediately affected but sensi-
tivity to L-ethionine developed during the ensuing aeration period with

maximum effect occurring.between 25 and 120 hr (Atkinson and Polya, 1968).



L-Ethioninc (25 mM) showed a 78% inhibition of invertase development in

sugar beet slices and also inhibited the incorporation of methyl groups

from methionine into RNA during the first 6 hr of aeration.

These findings suggest that L-ethionine may act as an effective

block of SAM.synthcsis, hence could be used as a regulator of one-carbon

mctabolism in such a system.

AltHough carrots and other storage tissues have been aerated in
media containing other amfno acids, these studies were generally associated
with either uptake or other specific aspects of metabolism. Carrot slices
show a capacity to absorb L-alanine and L-aspartate-from aerating solutions
(Nossier, 1966) and have abiiity to metabolize methanol, glycine and for-
mate during aeration (Sinha and Cossins, 1964). Radioisotopic feeding
experiments carried out by Cossins énd Sinha (1965) revealed that feeding
of glycine + [1*C]formate to carrot slices resuifed in a stimulation of
i‘4C inéorporation into serine. Feeding of homocysteine + [1%C]formate
stimulated incocboration of 1%C into methionine. It was proposed that
formate could serve as a source of (; units for the synthesis of serine
and methionine via the involvement of folate intermediates. Further
investigations to follow up participation of one-carbon metabolism in an

aerated storage tissue disk system have not been made.

E. Summary of Major Activities

o It is clear from the documented research just presented that

storage tissue disks undergo dynamic changes in their metabolism after
slicing and aeration. To recapitulate some of the major activities

occurring in aerated carrot tissue slices, a graphic presentation has been

/

1]

included (Fig. 1).
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1. One-Carbon Metabolism

Considerable knowledge has accumulated on the role of\folate
coenzymes in biosynthetic pathways. Literature decaling with aspects
directly related to methyl group biogenesis and its regulation will be
emphasized in the review as these have a bearing on the objectives of

this study. -
A. Historical

Folic acid, br pteroylglutamic acid, has been the object of many
detailed invcstigations in microorganisms, animals and horp recently,
plants. The nutritional aspects of folic acid as a growth factor in
microérganisms has been known for over four decades. Reviews dealing
with detailed aspects of folic acid and its biologiga] functions (Stokstad,
1954; Blakley, 1969), assay procedures (Freed;'1966), chemistry (Stokstad,
1954 Whiteley, 1971), occurrence (Toepfer et al., 1951; Blakley, 1969;
Baugh and Krumdieck, 1971), metabolism (Rabinowitz and Himes, 1960;
Stokstad and Koch, 1967: Blakley, 1969; Ribbons et al., 1970; Jackson and

Harrap, 1973) and regulation (B1akley, 1969; Silber and Mansouri, 1971)

have been published and may be referred to for further infbrmation.

. B. Structural Formulae \

Folic acid contains a pteridine moiety linked to p-aminobenzoate

and L-glutamate as‘represented in the following structural formula:

,
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COOH
H Hoo
CH,—N CO—N—CH
9 10 |
CH,
H I
7
COOH
AN LN 7\ 4
pteridine p-aminobenzoate L-glutamate
N e

EN

pteroylglutamic acid
folic acid

PteGlu

In plant and animal tissues folic acid usually contains in
addition more than one glutamyl residue. Such forms are known as con-

jugates and will be considered later.

An imporfant chemical feature of folic acid is the reducibility
of the pteridine ring. Chemical or enzymatic reduction of the pyrazine
portion of the ring gives rise to dihydro or tetrahydro derivatives.
Tetrahydrofb]ic acid is one such reéuced defivative and in this form is

mectabolically important as a coenzyme in one-carbon metabolism.

OH - COOH
- H H H. |
V N~ CH:—N CO—N—?H
/lEQ | E;:I;: $|42
H N SN H : CH,
H , ]
COOH

Tetrahydrofolic acid (THFA)
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Substitutions, principally at the ¥° and 710 positions of the

tetrahydrofolic acid molecule, give other metabolically active derivatives

such as:
OH " COOH
N CH— N_<<::>}—co——N—-
J\\ l :E CH2
HNTX CH2
éOOH

Nlo-formyl tetrahydrofolic acid,

COOH
:ECH— —<:::>—co—wq CH

CH2
|
COOH

Ns;Nlo-methy]ene tetrahydrofolic acid,

and

cooH
H
N CH— N—<i::>—CO—4¢—$H
) I~
H,N .

Ns-methyl tétrahydrofolic acid.

C. fdentification and Estimation of Folic Acid and its Derivatives

N

g

Folic acid may be quantitatively assayed by chemical methods but

these procedures generally lack the sensitivity necessary to measure the



19

minute quantities in biological materials. Highly scnsitive and specific
microbiological techniques have been perfected for this purpose and are

now generally ehployed to distinguish different folate derivatives and

to measure their concentrations.

Three organisms are routinely used for assay purposes: Lacto-
bacillus casei, Streptococcus faccalis and Pediococcus cercvisiac. These
organisms respond differentiy to metabolic forms of folic acid‘and are
used to distinguish between the derivatives present. Details of micro-

‘ organism response may be found in Blakley (1969) or Stqkstad and Koch
(1967) . L. caseZ responds to simpler conjugated forms-having less than
“three glutamic acid residues. S. faecalis is used to establish fo;ﬁy]ated

mono and diglutamates while formylated derivatives; especially the ¥°

position with one glutamic acid residue, can be assayed with P. cerevisiage.

Oxidation of the derivatives occurs readily during preparation
and assay unless precautions are taken to maintain reducing conditions as .

in the 'aseptic plus ascorbate’ prdcedure (Bakerman, 1961; Freed, 1966).

In measurement of total folates in biological tissue, it is
common to equate the amount of lactic acid produced by the microorganism

to standard amounts of folic acid added to the defined culture medium.

henomenon of

Since natural products vary in derivative compositi
'positive drift' has been encountered with L. casei when used to determin
total 'free' folates (Tamufa et al., 1972). WMith increasing amounts 5f
assay material, higher values for 'free' folates are commonly obtained.
These variations in response are believed to be' due to;a variable response

of L. casei to polyglutamate derivatives and Tamura and his co-workers
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suggested that an evaluation of 'total free folates' must be considered -
in light of: the presence of polyglutamates or after treatment by carboxy-
peptidase, an enzyme capable of hydrolyzing the y-glutamyl peptide bonds

of these polyglutamates.

To facilitate estimation of>individual folate derivatives,
separation by DEAE-cellulose column chromatography is generally employed
(Noronha and Silverman, 1962; Bird et al., 1965). The derivatives are
sequentially eluted, fractions collected and aliquots of these assayed
microbiologically. These techniques have been useful in separating poly-
glutamates having one to three glutamate residues. For higher polyglutamate
derivatives, the recent employment of QAE-SéEhadex (Parker et al., 1971)
and Sephadex gel chromatography (Shin et al., 1972) has met Qith consider-

able success.

D. Polyglutamyl Derivatives and Carboxypeptidase Treatment

As mentioned earlier, folate dgrivatives exist in plant and

animal tissues primarily in the form of polyglutamates. Since assay micro-
organfsms grow on derivatives haviﬁg one or two glutamic acid residues,

the polyglutamates must be hydfolyzed by folic acid 'conjugases' (y-glutamyl
carboxypeptidases) in order toAyield forms suitable for microbiological
assay. Two types of conjugases are roﬁtinely used for this purpose. Most
commonly used is a conjugase frpﬁ chicken pancreas which hydrolyzes poiy-
glutamates to diglut;mates (Freed, 1966; Stokstad and Koch, 1967) but other
enzymes from hog kidney (Bird et al., 1946) and germinating pea cotyledons

(Roos and Cossins, 1971), having ability to Hydrolyze polyglutamates to

monoglutamates, have been used.
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E. Folic Acid and its Derivatives in Biological Tissues

The occurrence of folate derivatives in foods, plants, animals
and microorganisms has now been well established. Early studies estab-
lished the presence of folic acid in foodstuffs (Toepfer et al., 1951;
Freed, 1966). Although much exploratory work can be cited regarding early
estimation of derivatives in assorted tissue, the comprehensive revicew of
Blakley (1969) presently serves as the best reference. Recent research
has established the distribution of derivatives in rat liver (Shin et aZ.,
1972; Thenen et al., 1973), sheep liver (Osborne-White and Smith, 1973),
hhman erythrocytes (Wagner and Levitch, 1973), Euglena (Lor and Cossins,
1973) and various higher plant tissues (lwai and Nakagawa, 1958; Roos et
al., ]968;vSengupta and Cossinsg 1971; Clandinin and Cossins, 1972; Spronk

and Cossins, 1972; Blondeau, 1973; Chan et al., 1973)".

With reference to the forms of folate derivatives found in
tissues, most folates in animal tissues are polyglutamate forms and have
formyl substituents (Nbronha and Silverman, 1962; Shin et al., 1972) with
pentaglutamates being, the most common conjugated form. In plants, however,
the major derivatives appear to be methylated (Roos et al., 1968; CHan
et al., 1973) with the degree of conjugation varying between tissﬂes; for
examp]e,”ébOut 50% of pea cotyledon folate is present as the N5-methy]ﬁono*
glutamate (Roos and Cossins, 1971) while in cabbage-(Brassica oleracta var.
capitata) over 90% of the folate pool is in thé formvof methyl derivatives

having five or more glutamy!l residues (Chan et al., 1973).

in tissues more directly related to those of the present inves-

tigation, Freed (1966) has reported that fresh carrots contain between

L
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46-76 ng/g fresh wt. of folic acid‘equiyalent as determined by L. casei.
This level has been termed 'total' folates while 13-49 hg/g fresh wt. has
been reported as the 'free' folic acid equiva]ent'in carrot as nmicasured
»bylS. faccalis. However, before initiation of the present work, no

3 ) .
reports have been made on the naturec, ;egulation or rates of synrhesiéjof

individual derivatives in this tissue (Fedec and Cossins, 1972).

F. Metabolic Intérconversion of THFA Derivatives

The reaction catalyzing the synthesisfof 10-formy 1THFA Ffom
formate in the presence of ATP ané THFA (Fig.‘2, Rx. 1) is catalyzed by
thé enzyme 10-formy1THFA synthetase (EC 6.3.4.3). Activity is commonly
enhanced by Mg++ and has been detected in-several plants (e.g.} Hiatt{
1965: lwai et al., 1967; Clandinin and Cossins, 1972), yeasts (e;p., Lor
and Cossins, 1972), Euglena (Lor and Cossins, 1973), mammalian tissues
(e.g., Sauberlich et al., 1972),‘liver (e.g., Greenberg et al., 1955),
and microorganisms (e.g., Whiteley et al., 1959; Blakley, 1969). Enzyme
assay methods have been descrised by Rabinowitz and Pricer (1963) and
Hiatt (1965). 1In the purine fermentative bacterium Clostridiun, the
reverse reaction has been demonstrated (Curthoys and Rab{nowitz, 1972) and

the conclusion made that this reaction may serve as a major source of .ATP.

The interconversion of 10-formylTHFA and 5,10-metheny1THFA is
facilitated by the enzyme metheny ITHFA cyclohydrolase (EC 3.5.4.9; Fig. 2,
Rx. 2). Most studies have been concerned with beef liver (Greenberg, 1971)
| and the reaction observed is usually in the direction of 10-formylTHFA

after the addition of water to 5,10-methenylTHFA.
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Fig. 2. Mter’conver’szon of THFA derivatives in relation to the generation
and uttlization of Ci units
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Synthesis of ‘5,10-methenyiTHFA (Fig. 2, Rx. 3) Is facilitated
by the enzyme 5,10-methyleneTHFA dehydrogenase (EC 1.5.1.5) from 5,10~
methyleneTHFA in the presence of NADP. This enzyme has been studied in
mammalian tissues (Osborn and Huennekens, 1957), in plants (WOng and

"Cossins, 1966) and a variety of microorganisms (Blakley, 1969).

The methylenc group of 5,10-methyleneTHFA may be derived from
a number of metabolites including forhaldehyde, serine, glycine and formate.
Reduction of 5,10-methyleneTHFA to 5-methylTHFA (Fig. 2, Rx. 4) by the
enzyme 5,10-methylencTHFA reductase (EC 1.1.1.68) lies at an important
branch point of folate metabolism (Kutzbach‘énd Sﬁokstad, 1971). The
reaction is dependent upon a source of reduced pyridine nucleotide and
is commonly assayed by the reverse reac£ion in the presence of menadione
as an electron acceptor (Donaldson anq Keresztesy, 1962). This enzyme
occurs in animals (Kutzbach and Stokstad, 1967), yeast (Lor and Cossins,

1972) and higher plants (Cossins et al., 1972).

Synthesis of methionine from S-methyITHFA and homocysteine is a
well established reaction (Fig. 2, Rx. 5) catalyzed by 5-methylTHFA:
homocysteine transmethylase (EC 2.1.99). Human tissues (Mudd et al., 1970),
microorganisms (e.g., Cauthen ¢t al., 1966; Salem and Foster, 1972), yeast
(Lor and Cossins, 1972; Antoniewskj and de Robichon-Szulmajster, 1973)
and higher plants (Burton and Sakami, 1969; Dodd and Cossins, 1970; Cossins
et aZ!, 1972) have been subjected to extensive studies for this enzyme,
particularly its regulation as well a  ts requirement for mono or tri-
glutamyl methylated derivétives. Radioisotopié assa¥ of the plant enzyme
has made its study relatively easy (Dodd and Cossins, 1970). In micro-

organisms and nimals a requirement for vitamin By, has been shown (Cauthen

et al., 1966; Mudd et al., 1970).
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Methionine may also be synthesized by an alternate route from
S-adenosyl methionine and homocysteine (Fig. 2, Rx. 8) involving the
enzyme SAM:L-homocysteine methyltransferase (EC 2.1.1.c). This reaction
which hag no requirement for a THFA derivative has been demonstrated in
microorganisms (Mardon and Balish, 1971), yeast (Shapiro et al., 1964)

and in higher plants (Dodd and Cossins; 1970) .

\,

3

Methionine, produced by either of the above pathways, may be
o :

utilized for the productiéﬁ of S-adenosylmethionine (Fig. 2, RX.\hjq the |
principal donor of methyl groups requirgd in a wide Qariety of trans-
methylation reactions. In the presence of ATP, the enzyme methionine
adenosyl transferase (EC 2.5.1.6) catalyzes this activation of L-methionine

(Ferro and Spence, 1973).

In the transfer of the B-carbon of serine“to'methionine, the
first reaction (Fig. 2, Rx. é) is carried out by the enzyme serine hydroxy-
methyltransferase (EC 2.1.2.1); yielding gly¢ine and S;IO-methy}ene THFA.
This enzyme has been exteﬁsive]y studied by various groups (e.g., Wilkinson
and Davies, 1966; Botsford and Parks, 1969; Cossins et al., 1972; Schircth
et al., 1973). Stability and optimum assay conditions have been described
by Nakaggga et al. (1973) andlbuffér interactions have been observed by
Schirch and Diller (1971). The reaction is freely reversible and conse-
quently may play an important role .in the biosynthesis of serine from
glycine. For example, recent research has focussed attention on serine
synthesized from two molecules of g]ycinevby‘the combined reaction of
"glycine decarboxylase (Fig. 2, Rx. 7) and sé}ine hydroxymethyltransferase
(Kisaki et al., 1971). " More exacting conditions of the tormer so-called

‘glycine cleavage' reaction have been noted in plants by Toibert et al.
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(1968), Kisaki et al. (1971) and Clandinin and Cossins (1972). Serine
hydroxymethyltransferase is commonly a labile enzyme but can be srab{]ized
to some degree by addition of thiol reagengs (Schirch et qZ., 19}3), by
glycine and serine (Akhtar and E1-Obeid, 1972) or by 30% (v/v) glycerol

(Nakamura et dZ., 1973) .

G. Regulatien of One-Carbon Metabolism

-

Although the mechanisms responsible for the regulation of one-
carbon metabolism have not been fully elucidated, considerable knowledge

has been accumulated, particularly in microorganism% (Blakley, 1969) .

|
Since this thesis is primarily concerned with methyl group biogenesis,
control mechanisms existent in microorganisms, animals and plants related

to this aspect can be summarized and more readily visualized in tabular

form (Table 1).

From the examples in Table 1 it may be observed that these

\
\‘“§ehzymes are controlled in a wide variety of ways. In general, control is

achieved by a product of one-carbon metabolism, e.g., methionine. 1t must
be emphasized, however, that the type or method of control not only varies

between .organisms but within species as well.

Although most systems studied to date have not been plants, the
above examples clearly indicate that thionine must be regarded as a key
agent in the control of enzymes which mediate the biosynthesis of methyl

groups within the folate pool.



Table 1.

Regulation of cnaymes

dircetly related to oneeeurion m
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holiar

Type of

Enzyme Tissue or organism control
¥10-formyl- Hierocoeour alroasncs Induction
THEA Inhibition
synthetase . ’

Yeast inhibition
Streptococeis facealis Repression
NS, y10- Egeherienia coli Kya Inhibition
methylene- SalmoincLla tupiirurinm Inhibition
THFA Streptococews jaceum Repression

dehydrogenase

NS,NIO'
methylenc-
THFA
reductase

Homocysteine:
N5-methyl-
THFA
transmethyl-
ase

Serine
hydroxy-
methyl-
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111. Interrelationships 'between the Aging of Storage Tissue Disks and

One-Carbon Metabolism

A. The Basic Prercquisite for C) Metabolism in this System

Fig. 2 emphasizes those areas of metabolism in aerated tissue
slices which would logically have requirementé for C; units derived from

precursors such as formate, glycine or serine.

Since a basic characteristic of aerated tissue slices isvtheir
enhanced rate of net protein synthesis (MacDonald et al., 1961), it follows . _
that protein amino‘aeids including methionine must be available. In the
case of methioa%ne, a net e;nthesis would conceivably involve no. only

generation of homocysteine but production of methyl groups from the folate

pool as well.

Before such new proteins can be produced, there must also be a
synthesis of RNA and DNA. it is well documented that such syntheses occur
in aerated tissue slices (Ellis and MaCDonald 1967 Bryant and Ap Rees
@9]]). Consnderlng the magnitude of these latter syntheses, it is clear
’that RNA and DNA’wiI] be formed from their constituent bases which in turn

will be derived by folate-mediated reactions.
N ) A

Kfng and Chapman (1973) working with artiehoke tissue slices
have shown that durlng aeration an increased methylatlon of tRNA occurs.
In barley a]eurone, such methylation of RNA is increased by appllcatlon
of GA3 (Chandra and Duynstee, 1971). This growth hormone also increased
the activify of tRNA methy]ase‘in this system>(Chandra, 1970) . Clearly,

by analogy to bacterial and animal systems, it follows that the required
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methyl groups would be provided by SAM which would in turn derive these

from methyl folates vi  cthionine. ' : ,

In conclusion, it must also be pointed out that before synthesis
of proteins would occur in aerated disks, initiation of the polypeptide
chain must occur. In this regard, formylmethionine (Fig. 2) plays a

primary role with 10-formy I THFA being the major formy!l donor (Dickerman,

1971) .

B. The Present Investigation

It needs no further emphasis that aecration of 5tOrage tissue
disks is accompanicd by dynamic,changes-in several physiological and
biochemical processes (Fig. 1) and that C; metabolism must play a central
role duriﬁg this period (Fig. 2). The present investigation, therefore,
sought to: |

(a) estab]i§H1the nature of the folate pool in this system,
(b) observe the changes occurriAg in the pool as affected by treatment
and- aeration,
(c) establish the activity of the enzymes involved, and
~

(d) investigate ways by which reactions offimportance to methyl group

biogenesis might be regulated.

The results of these investigations in relation to the established
bfochemica] changes which are initiated by slicing and aeration of storage

tissue disks will be discussed.



MATERIALS AND METHODS

I. Materials
A. Chemicals

Sodium-[l“c]fdrmate, [Mb-luﬁ]—S—CH3-tetrahydrofolate and \
‘L-[3-1“C]scrine were purchased from Amersham-Searle Corp., Des Plaines,
I1., U.S.A. Purity of these labelled compounds was checked by thin-layer
chromatography or column chromatography according to methods suggested by
the manufacturer. Other chemicals used, of “ighest quality commercially
availab]é, were purchased from Canlab, Ed%onton, Alta.; Fisher Scientific
Co., Edmonton, Alta.; ICN Pharmaceutica’ Ilnc., Cleveland, Oh., U.S.A.
and Sigma Chemical Co., St. Louis, Mo., U.S.A. Tetrahydrofolic acid was
purchased exclusively from Sigma Chemical Co. Scinti]laﬁion grade
2,5-diphenyloxazole (PP0) and ],b-bié—[2-(h—methy]-S-phenyloxazolyl)]

benzene (dimethyl POPOP) were purchased from Amersham-Searle Corp., Des

Plaines, I11., U.S.A.

B. Plant Material

In preliminary studies, carrot roots (Daucus carota L.) were
either purchased from the local market or grown in the home garden. In
studies reported here, carrots of the Nantes Coreless variety were grown
on a continuous basis, in the Dept. of Botany growth chambers. Seeds were
planted in 3:2:1 soil mix in specially constructed 12" x 15" x ]2'" plywood
boxes. Water was added as required. A 3000 ft candle light source
(fluorescent and incandescent combined) was used to provide-a 14 hr day.

Day temperature was maintained at 24°C and night temperature was 20°C.

.30
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After a five-month growing period, carrots werc harvested, topped,
washed, rinsed twice in distilled water, blotted dry, packaged into cello-

phane bags and stored in the dark at 4°C.

Carrots used for experimental purposes had been stored for a

minimum of 1 month but not longer than 3 months.

It. Methods

A. Preparation of Carrot Slices

Carrots from storage were washed in soapy water and rinsed 4
times with sterile distilled water. All equipment used in preparing
carrot slices was previously autoclaved or washed in 96% ethanol. Sterile
distilled water was routinely used for all rinsing of tissues and in all
aeration procedures. All treatment éélutions, such?as aminopterin, GAj,

L-methionine and L-ethionine, were passed through 0.22 um Millipore

filters (Millipore, Montreal, P.Q.) before use in experiments.

Sections 6f carrot root, 55 mm in length, were cut to fit a
mechanical guillotine specially designed for multiple cutting of tissue
slices. Corings of carrot phloem parenchyma were made with a #2 cork
borer giving 9 mm diameter cores. Cores were then placed into a beaker
of sterile distilled water. After the necessary number of cores for a
particular experiment had Eeén‘prepared, rancom selection was made for
slicing. The guillotine cut over 250 - 1 mm x 9 mm disks from a single
batch of 5 cores inserted into the ééchine. A small sample of each batch
was taken to make up the control treatment or the zero time sample, wherever

applicable. The disks were rinsed 3 successive times with sterile dis-

tilled water before being transferred to aerating flasks.
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B. Aeration of Carrot Slices

Aeration or aging (the term commonly utilized in current
literature) of the slices was carried out in pre-sterilized Erlenmeyer
flasks of either 250 or 500 ml capacity depending upon the qdantity of
slices required for a particular treatment. The quantity of aging solution

was maintained in the proportion of 4 disks/ml of aerating solution.

Aeration was facilitated by evacuating the flasks, thereby
drawing sterile, moisturized air into the fla;k through a fritted glass
aerator. This caused a gentle bubbling action in the solution and at
the same timc created a circulating action. Where disks were aerated

for more than 24 hr, the solution was replaced by fresh sterilized solution

every 12 hr.

C. Tissue Sampling

Disks were harvested from the aerating flasks with a sieve cup
o

stainless steel dipper. Sterile techniques were utilized throughout.

Samples of 50 or 100 disks were taken, blotted twice with paper towelling

and weighed.

'D.  Bacterial Contamination of Carrot Tissue Disks

Periodic checks for the ﬁresence of contaminating bacteria in
the aerating solutions were made. Serial dilutions of the medium were
plated out after 24 and 48 hou}s of aeration after solution changes had
been made every 12 hr or every 24 hr. Agar plates of tryptone and yeast
extract were used as the media. After the plates were incubated for 24

hr at 37°C, colony counts were taken as a measure of bacterial contamination.
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E. Respiration of Tissue Disks

Carrot disks, prepared in the usual manner, were aerated for a
L8 hr period in the following media: distilled water control, 0.1 mM GAj,
5 mM L-methionine, 10 mM L-cthionine and 0.02 mM aminopterin. Samples for
measurements of respiration were taken after 0, 1, 3, 6, 12, 24, 36, 48
hr. Duplicate samples of 5 disks each were then placed in 5 ml of the
respective solution and rates of oxygen uptake determined at 25°C using
a YSI No.‘53 Biological Oxygen Monitor (Yellow Springs lnstruments Co.,
Yellow Springs, Oh., U.S.A.). Solubility of oxygen in the various media

used was taken from known absorption coefficients of dissolved oxygen or

directly determined by the Winkler method (Natelson, 1957).
" -

F. Arnalysis of Folate Derivatives

' - Extraction of tissue to insure maximum isolation of folate
derivatives was followed as outlined by Roos and Cossins (1971). Disks
were immersed in 10 ml of 2% K-ascorbate (pH 6.0) §t 95°C for 10 min.
After cooling in an ice bath, transfer was madéAto a 15 ml Virtis homo-
genizer flask and the disks were homogenized at 50,000 rpm for 1.5 minv
using a Virtis (model 45) homogenizer. The homogenate was quantitatively
transferred to a 30 ml centrifuge tube and centrifuged for 10 min at
18,000g. The supernatant was collected in'a test tube and the pellet
resuspended in 5 ml 1% K-ascorbate and recentrifuged. The supernatants

were combined, made up to 20 ml with 1% K-ascorbate énd stored at -20°C

until required. ;

4
Column chromatography of the folate derivatives was performed

using DEAE-cellulose columns (20 c¢m x 1.8 cm) and a continuous convex
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gradient clution using a 0 to 0.5 M K-phosphate buffer (pH 6.0) in the
presence of ascorbate (Sotobayashi et al., 1966). Folate derivatives

were iden&ificd using the basic criteria of differential growth response

of microorganisms as described carlier (Roos et al., 1968; Roos and Cossins,
1971) . As a general practice, fractions were not collected beyond 120
although periodic checks were made for (polyglutamate) derivatives by

extending collection to 200 fractions (total elution volume of 600 ml).

Microbiological assay of the folate derivatives was carried out
according to procedures outlined by Bakerman (lBél) and Roos and Cpssins
(i97]). Lactobacillus caset (ATCC 7469), Pediococcus cerevisiae (ATCC
8081) and Streptococcqs Faccalis (ATCC 8043), cultured according to Freed
(1966), were routinely used to determiﬁg methylated and formylated -
derivatives. Standard reference curves were prepared using either folic
acid (Sigma Chemical Co.) or 5-formyTHFA (American Cyanimid Co., Pearl
River, N.Y., U.S.A.). The production of lactic acid by the microorganisms
after 72 hr at 37°C was backtitrated and used as a measure of growth (Freed,
1966). Titration values were compared to constructed standard curves and

used-ih estimation of folate content.

For enzymatic hydrolysis of polyglutamates, y-glutamyl carboxy-
peptidase was prepafed from pea cotyledons by a method similar to that of
Roos and Cossins (1971). Ten grams of 3-day old germinating pea cotyledons
were ground at 4°C in 8.0 ml of 0.1 M potassium phosphate buffer (pH 6.0)
in a mortar by hand. %he cellular debris was removed by squeezing the
slurry through several layers of cheésecloth and the liquid centrifuged

for 20 min at 18,000g. The supernatanﬁ was dialyzed for 16 hr at 4°C

against 2 litres of phosphate buffer. This was then made up to 40 ml,
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dispensed into 5.m]—vo]umes and frozen. When used,®the enzyme was diluted
with about 5 volumes of 0.1 M Na-acetate buffer (pH 5.0) plus 1.0% ascor-
bate. This was equivalent to 1.5 mg protein/ml as measured by the method
of Lowry et al. (1951). The quality of the y-glutamyl carboxypeptidase

was routinely checked by testing its ability to hydrolyze the polyglutamates
of commercial yeast extract (Roos and.CoséTns, 1971) . Time.of incubation

was 10 hr at 35°C. Boiled enzyme con;rofs were routinely included.

It is recognized,that difficulty in estimating total folate
content in an extract has beenvexperienced (Tamura et aZ., 1972). In the
present investigations, to bring about some uniformity of results, values
for total folates were calculated from dilutions in a rangé where aliquot

volume was a linear function of folate content. w4

G. Analysis of Free and Protein Amino Acids

Free amino acids were extracted from carrot slices using tEe
methods of Cossins and Beevers (1963) and Splittstoesser (1969). At
sampling time 100 carrot disks were weighed and immediately placed iﬁ 10
ml of boiling 80% ethanol for 5 min. These were then quantitatively
transferred to a 20 ml Virtis flask and homogenized for 1.5 min at S0,000
rpm. The homogenate was transferred to a glass: centrifuge tqbe and
centrifuged for 15 min at 18,000g. After'decanting the supernatant, the
peliet was resuspended in 7 ml of 50% ethanol and recentrifuged. The
pellet Qas washed a third time in 7 ml distilled water. The supernatants
were combined and flash evaporated to dryness at 35°C. The residue was
redissolved in 5 m] of distilled water and applied toa | cm x 6 cm

column of Dowex 50W-X8 (H+, 200-400 mesh; BioRad Labs., Richmond, Ca.,

U.S.A.). After passing 50 m! of distilled water through the column to
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elute sugars and organic acids, 40 ml of 4 M HCI were used to elute the
amino acids. After flash evaporating this eluate at 50°C, the residue
was redissolved in 5 ml of 0.067 M sodium citrate buffer (pH 2.2) and

frozen at -30°C until analysis could be conducted.

Amino acids were chromatographed using a Beckman Automatic Amino
Acid Analyzer Model 121 (Beckman-Spinco Instruments, Inc., Palo Alto, Ca.,
U.S.A.) by the method of Moore and Stein (1963). An 8 cm bed of Beckman-
Spinco P.A. 35 resin was used for basic amino acid separétion and a 54 ¢cm
-bed of Beckman-Spinco P.A. 28 resin was used for neutral and acidic acid
separation. Buffer elution sequence was identical to that of Clandinin

and Cossins (1972).

In the preparation of protein amino acids, 50 ﬁg samples of the
dried peljet remafning after centrifugation-in the preparation of plant
extracts were weighed out into 16 mm x 135 mm heavy-walled Pyrex test
tubes. After suspension of the material in 5 ml of 6 M HC], the tubes
were placed in a dry ice-acetone bath. After freezi: ., the’sample con-
tainer was evacuated to 50 microns and sealed. Hydrolysis was conducted
in an oil bath heated to 145 * 2°C for 4 hr (Roach and Gehrke, 1970).
After cooling, the hydrolyzate was filtered through a 15 ml 10-15 um
sintered glass funnel and the HC] removed <n vacuo. The residﬁe was taken
up in 10 ml distilled water, applied to a 1 cm x 6 cm Dowex 50W-Xx8 (H+,
200-400 mesh) resin column and processed as outlined for amino acid extract

preparation.

Similarly, selected protein pellets, from the [l4C]formate feed-
ing experiment, were hydrolyzed and analyzed for labelled protein amino

acids using the automatic amino acid analyzer.
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H. Enzyme Studies

1. Preparation of cell-free extracts

Aerated carrot tissue slices were homogenized in 0.05 M potassium
phosphate buffer (pH 6.9) containing 2 mM Q-mercaptocthanol in a Virtis
homogenizer at 4°C. Cell debris was removed by centrifugation (]8,000g
for 20 min) and the supcrnatant retained for subsequent enzyme assays.

In a number of experiments, thesc enzyme extracts werc desalted by passage
through 1.5 cm x 7 cm columns of Sephadex G-15 at 4°C (Pharmacia Fihe

Chemicals, Montreal, P.Q.).

2. Enzyme assays

b

NS,NlO—MbthyZenetetrahyd%ofblate.reductase (EC 1.1.1.68) activity
was assayed on the basis of menadione-dependent oxidation of [te-1%C)-5-
CH3-THFA to THFA and [!%C]formaldehyde (Donaldson and Keresztesy, 1962).
The complete reaction system contained: 10 umol potassium phosphate buffer
(pH 6.4), 5 nmol FAD, 5 nmol menadione, 5 umol férﬂaldehyde, 1.6 nmol
[Mé41“C]~5-CH3—THFA (f uCi/16 nmol) and enzyme to a total volume of 0.32
ml. After incubation at 30°C for 30 min, the reaction was’terminated by
rapid cooling in an ice bath. The cooled reaction mixtﬁre was placed on
a0.5¢cmx 2.5 cm coiumn of Dowex AGI-X10 resin (C17, 200-400 mesh). The
[1“C]formaldehyde was eluted with three washings each of 0.5 m’ distilled

water and collected directly in a scintillation vial for cougting.

NS—A@thyZtetrahydrofblate:homocysﬁeine tre rethylase ‘EC 2.1.99)
écfivity vas assayed by the method of Dodd and Coszins 370). The standard
reaction mixture contained: 1 umol of L~homocysteine freshly prepared from

the thiolactone form, 1.6 Amo | [MQ-IQC]-S-CH3-THFA (1 uCi/16 nmol), 50 umol
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potassium phosphate buffer (pH 6.3) and cell-free extract to a total of
0.5 ml. After incubation at 30°C for 30 min, the reaction was terminated
by rapid cooling in an ice bath. The cooled reaction mixture was placed
on a 0.5 cm x 2.5 cm column of Dowex AGI-XI0 resin (CI~, 200-400 mesh).
The [Me-1%C]methionine synthesized was cluted with six washings each of
0.2 ml distilled water and collected directly in a scintillation vial for
counting. The amount of methionine produced was determined from the

specific radioactivity of the substrate used.
)

Serinc hydroxymethyltransferase (EC 2.1.2.1) activity was assayed
by the method ofvTay]or and Weissbhach (1965), with minor modification.
This method is based on the principle that since the radioactive Cj unit
of S;IO—m;therneTHFA equilibrates recadily with carrier formaldehyde, it
can be trapped as the S,S—dimethylf],3~cycloheXadione adduct and quantita-
tively estimated. The complete reaction system contained: 1.77 nmol
L-[3-1%Clserine (1 uCi/17 nmol), 0.1 umol pyridoxa]-S-phosphaté. 30 umol»
potassium phosphate buffer (pH 8.0), 1.6 umol THFA, 2 pmol 2-mercapto-
ethanol and enzyme in a total of 0.4 ml. All components, except serine
were pre-incubated for 5 min at 30°C. The reaction was initiated by the
addition of substrate and terminated after 15 min at 30°C by the addition
of 0.3 ml 1 M sodium acetate (pH 4.5), 0.2 ml 0.1 M formaldehyde and 0.3
ml 0.4 M 5,5-dimethyl-1,3-cyclohexadione in 50% (v/v) efhano]. The HCHO-
dimedon derivative was formed by heating for 5 min at 100°C. After cooling
the adduct was extracted iﬁ 3.0 ml toluene of which a 0.5 ml aliquot was

counted for radioactivity.

NlOQFbrmthetrahydfobeate synthietase (EC 6.3.4.3) activity was
assayed by the method of Hiatt (1965). During preparation of cell-free

#
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extracts the extraction buffer included 0.1 mM GSH és an additional con-
stituent. The complete reaction system contained: 100 umol t;iethanol-
amine buffer (pH 8.0), 150 ymol Tris-formate (pH 8.0), 2.5 pmol MgCl,,

200 ymol KC1, 4 umol THFA, 2 umol ATP, JO umol 2-mercaptoethanol and

enzyme to a total volume of 0.8 ml. After incubation for 15 min at 30°C,

the reaCLion was terminated by addition of 1 ml 1 M HCI. Absorbance at

355 nm was measured after 10 min and the amount of 5,10-methenylTHFA formed
wa; calculated from the mo]ar extinction coefficient of 22 x 10® cm? (Bertino
et al., 1962). x

3. Expression of enzyme activity

«

Enzyme activities reported in this study are expressed as the
amount of product produced under the recaction conditions/hr/mg of protein

present in the cell-free extract.

k. Protein‘assay

The protein content of ce]l-free’plant extracts was estimated
spectrophotometrically using the method of Lowry et al. (1951). Crysta]line
egg albumin (ICN Pharmaceuticals, Inc., Clevefand, Oh., U.S.A.) was used
as the reference standard and determinations wére'made in duplicate uéing

a Beckman DB-G spectrophotometer (Beckmaﬁ Instruments).

I. [1%ClFormate Feeding

Batches of carrot slices weré prepared in the usual manner and
aerated" for pe}iods of up to 48 hr in treatments including distilled water,
0.1 mM GA3 and 5 mM L-methionine. Twenty-five disks-were harvested from

reach treatment at 12, 24, 36 and 48 hr intervals of aeration. A zero time
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control treatment was also included. The disks were transferred to Warburg
flasks containing 1 umol [1%C]formate (2.5 uCi/umol; pH 5.9) “in 4.0 ml
distilled water. Thé centre well contained a 2.5 ecm.x 3 cm filter paper

y
\

saturated with 20% KOH.

' The disks were incubated with [luc]formaté for 1 hr at 30°C in
H
a shaking water-bath. A non-tissue blank flask‘containing [14C]formate
and KOH-impregnated filter paper was also included to check release of

14C from the incubating solution. 140, values were then corrected by

this figure which usually ranged from 7000-10000 c.p.m.

After incubation, disks were harvested, washed with distilled
water to remove excess labelled formate and plant extracts prepared for

fractionation into organic acids, sugars and amino acids. T

Normally, = arrot slices from the feeding experiment were
transferred to 10 ml of boiling 80% ethanol for 5 min. These were then
‘transferred to a Ten Broeck tissue homogenizer and ground manually for
10" minutes by which time a fine homogeneous preparation was obtained.
The homogenate_was quantitatively transferred to a glass centrifuge tube
and centrifuégd at 18,0005 for 15 min. The supernatant was decanted into
an evaporating flask and thg pellet resuspended in 10 mi 50% ethanol
followed”by recentrifugation. A third pellet wash was carried out with
10 ml distilled water. Thé combined supernatants were fiash evaporated
to dryness at 35°C. The residue after flash evaporation was redisséf&ed
in 10 ml of sterile distilled water. Lipids were extrgcted with 3 ml

toluene and 2 ml petroleum ether and an aliquot counted by liquid scintil-

1-7ion spectrometry.
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For purposes of fractionation, all of the plant extract was
applied to a 2 cm x 5 cm column of Dowex 50W-X8 (H*, 200-400 mesh) resin
and the sugars and organic acids c]uth with 50 ml of distilled water.

The amino acids were cluted with 40 ml of 4 M HC1 and designated the 4 M
amino acid fraction. The column was further washed with 40 ;l of 6 M HCI
and this designated the 6 M amino acid fraction. The amino acid fractions
were flash evaporated to dryness under vacuum at 40°C. Ten ml of distilled
water were added and this was flash evaporated off. Three such additional
rinses were carried out to facilitate removal of the residual hCl. The

L M fraction residue was redissolved in 5 ml of sterile distilled water

and the 6 M fraction into 3 ml of sterile distilled water. Aliguots of
each were counted for radioactivity and the sample further processed for

amino acid analysis and/or paper chromatography.

The organic acids and sugars which had been collected initially
were separated using a 2 cm x~5 cm column of Dowex IW-X10 (Cl1~, 200-400
mesh) resin converted to the formate form (Splittgtoesscr, 1969). After
applying the organic acid?sugar mixture, thg column was eluted with 40 ml
of distilled water to bring off the sugars. Next, the column was cluted
with 40 ml of L M formic acid“;o'elute the orgénic acids. " The éugar
solutfon was adjusted to pH 1.0 with 6 M-HCI and then f]ashhévaporated at
room témperature to 25% of the ofigihal‘vo]ume in order to volatilize any
residual ['%C]formate that may have carried through from the feeding pulse.
The solution was adjusted back to pH 6.5 and an aliquot‘counted for radio-
activity. The organic acids were evéporated, under vacuum, to dryness at

35°C, redissoived in 5 ml of distilled water and an aliquot counted for

radioactivity.
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Amino acids labelled after "¢ feeding were separated primarily
by descending paper chromatography. Samples were af“c:i in duplicate to
60 cm x 60 cm Whatman No. | paper. The papers were, pladed into glass
chromatography tanks and developed (40 cm, one dimension descending manner)
in phenot-water-ammonia (I60:h0:l, by vol.). After removal of the solvent
in a vented chromatography oven at room temperature, one of the duplicates
was sprayed with ninhydrin solution (Sigma Chemical Co.) and heated to
100°C for 5 min. The amino acid arcas were then compared to known standards.
The comparable areas on the other.developed chromatograms were cut out,
placed into liquid scintillation v%als and their radiocactivity determined.

Counts were corrected for quenching by the use of external standard

" methods.

:m For more complete data of amino aéid labelling, samples were
examined for 1%¢ after analysis in the Beckman-Spinco 121 analyzer.
%ractions of 1.9 ml were collected from the analyzer and the elution
patte;n verified by reference to reaction with ninhvdrin reagcnt.J“This
was further established by addition‘of [3H]éethionine and [I“C]éefine to
the amino aéid standard. Aliquots of each fractiﬁn were then counted for
radioactiwvity in liquid scintillation vials previously filled with fluor
and: precounted for background. The remainder of the eluate fraction was.

reacted with ninhydrin to visualize positions of amino acid peaks.

J. Assay of Radioactivity:

Radioactive samples were counted in a liquid scintillation
counter (Model Unilux lf, Nuclear-Chicago Corp., Des Plaines, 1, U.S.A.).
Aliquots of up to 1.5 ml aqueous sample were counted in 15 ml of fluor

\: : w3
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., containing 6.5 g 2,5-diphenyloxazole (PPO) and 0.65 g 1,h-bis-[2-(4-methyl-

f";phdny]oxazolyl)] benzene (dimethyl POPOP)/ljtre of dioxanec:anisole:dimeth-
oxycihane (6:1:1, by vol.). Thc>counting cf%icicncy of the above system

was 85% as determined by addition of internal Standards. Quench correction
was made by using external standard quench correction méthods. Al couﬁts
were corrected for background-.and regarded és éignificanL only if they

‘were at least double this level in duplicate.

Radiouctive areas from paper chromatograms were counted'by cut-
ting out the spots and placing them into scintillation vials with 15 ml

of fluor.



RESULTS
In designing experiments to investigate the objectives set out ~
in this thesis, namely: (a) establishment of the nature of the folate
pool and its changes in a system using acrated storage tissue slices,
(b) activity of C; enzymes, and (c) regulation of methyl group biogenesis,
aeration of carrot tissue.slices in distilled water was considered as £hc
standard control. In order to alter the flow of one-carbon units and
hence faci]itate achieving the above objectives, carefully cHésen coﬁpounds

were added to the aerating slices.

The compounds chosen for the investigations reported hereiﬁ were:
(a) GA3, a growth-regulating substance having ability to enhance methyla-
tion, nucleic acid synthesis, respiration fn storage tissue disks and
synthesis of enzymes, (b) -L-methionine, a key end product of C; metabolism
and known for its role in biological methylations, regulation of several
Ci; enzymes and as an -inhibitor of respiration in some storage tissue disks,
(c) L-ethionine, a methionine analogue responsible for inhibition of both
étorage tissue disk respiration and methyl group incorporation from

methionine into RNA, and (d) aminopterin, an antimetabolite and folic acid

antagonist.

The results reported in this Section also consider bacterial
contamination of the aerating so]ﬁtion and the source of tissde, the latter
from the standpoint of storage effect on parameters readily observed such
as respiration and amino acid pools. Of particular interest, in this
regard, were amino acids which serve as substrates and end products of

one-carbon metabolism. These two areas will be considered first.

Il
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These results will be followed by the effects of aecration and treatment
on folate levels, enzymes of €y metabolism, specific effects of L-methionine

in vitro and studies of [1%C]formate metabolism.

I. Bacterial Contamination of Carrot Tissue Slices during Acration

The question of bacterial contamination comes foremost into mind
when analysis of folic acid and its derivatives is being considered since
béﬁteria contain, in proportion4to weight, relatively high quantities of
folates. Therefore, one must be certain that values obtained for tissue
disks are truly representative of folate derivatives in the tissue and
not due to folates from build-up of bacteria in the medium during the aging
or aeration period; Since bacteriostats interfere not only with the micro-
biological assay of folate derivat}ves but also with the metabolic processes
occurring in the tissue slices (Ap Rees and Bryant, 1971) use of these
compounds was precluded, but an attempt was made.to aerate the tissue slices
in such a way that contamination would be minimized. Using routine aseptic
measures, colony counts (Table 2) were within an acceptable range after/ZQ
hr of aeration but became very high by 48 hr in some of the treatmenté;
namely, ethionine and aminopterin. After filtering t e ucic ing solutions
through micro-porous filters, bacteria counts were rcduces Cfﬁsidefab]y.
These levels of bacterfa were within the limits considercd tolerable by
Edelman and Hall (1965). The data indicate that bacterial contamination

was due mainly to bacteria in the chemical ingredients rather than in the

tissue.

Subsequent aeration procedures utilized sterile distilled water

or micro-porous filtered solutions coupled with change of the aerating
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Table 2. Estimation of bacterial contamination in the aerating mediwm
it}

Aliquots taken, after aging periods-shown, were incubated on nutrient
agar plates for 24 hr at 37°C. 600 carrot slices (1 mm x 9 mm) /250 ml
medium. The solutions were changed every 24 hr. A, sterile distilled
water used for the control and the solutions; B, sterile distilled water
used for the control but the solutions were passed through 0.22 um
Millipore filters.

103 Colonies/250 ml medium

Treatment
A B

After 24 hr aeration:

Distilled water control ' .3 ' 3.5
0.1 mM GA, 302 14.6
5.0 mM L-methionine 23.8 13.4
10.0 mM L-ethionine 16.3 ' 14.1
0.02 mM aminopterin 59.4 ‘ lfiB

¢} .

After 48 hr aeration:

Distilled water control 95.6 86.3
0.1 mM GA, 205.0 118.5
5.0 mM L-methionine 4231 178.9
10.0 mM L-ethionine 2500.0 467.5

0.02 mM aminopterin 1593.8 397.0
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solution every 12 hr if the acration period cxcéeacd 24 hr. Routine

checks were made of the acrafing solutions to ensure fhat these standards
were maintained., Generally, bacterial counts were well below those shown
in Table 2 and were often as low as 500 colonies/250 ml in the distilled
water control and 1875 colonies/250 ml in the methionine treatment after

24 hr of aeration.

Il. Measurement of Carrot Slice Respiration and Standardization of Tissue

Source

After making initial studies of amino acid levels in carrot
tissue during post-harvest storage and during aecration of carrot tissue
slices, it became abundantly clear that reproducible results could not be
obtained from tissue obtained from different sources. It was, therefore,
decided that a source of consistent tissue must be secured. The best
approach was cultivation of ca}rots in the growth chamber on a rotating
basis, storage of them for a designated period and then use in subsequent
studies.' Reﬁpiratory rates of carrot tissue obtained from different
sources are shown in'Fig. 3. Slices from freshly harvested carrot had a
much higher respiration rate at the time of slicing fhan slices prepared
from tissue stored at 4°C for 2 months. All tissue showed a decline in 
‘the respiration rate immediately after slicing although 4 hr of aeration
overcame this. Aerated slices from freshly harvested carrot did not
exhibit a dramatic rise in respiration rate. Similarly, slices of green-
house~grown carrot stored fér'? months did not show as dramatic a rise in

respiration rate as did material !purchased locally' (Fig. 3). The latter

material behaved similarly to that of Adams and Rowan (1970).



Fig. 3. Effect of aeration on respiration of slices cut from carrots
obtained from different sources

Disks (1} mm x 9 mm) were cut from carrots and aeréted in sterile dis-
tilled water. Two replicates of 5 disks each were sampled and the
oxygen uptake determined by a YS! oxygen monitor. Fresh wt. of the
disks was determined after an 8 min run. The mean values were plotted
for slices cut from greenhouse-grown carrots stored for 2 months at
4°c (O), greenhouse-grown carrots freshly harvested (&#) and 'loc

purchased' carrots, storégé’conditions unknown (A).
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Fig. 4 (A and B) shows the respiration rate of carrot slices
as a function of acration in distilled water (control) and in various
treatments used throughout this study. A different source of grecnhouse-
grown tissue was used in the two experiments and it is noted that the
initial respiration rate of disks in the sccond experiment (Fig. 4B) was
higher than for those in Fig. 4A. However, following a decline in res-
piration after slicing, the induced respiration rates of both controls

were similar.

Disks aerated in GAj showed a higher induced respiration rate
increcase (about 15%) than the control disks (Fig. 4A). In methioninc-
tregtcd disks the rise in respiration rate was similar to that of the
control. Respiration rates, double that of the initial values, were
found after 48 hr of aeration. Adams and Rowan (1970) have reporfed a

doubling of respiration rates after 24 hr ofnaeration.

Although methionine is known to inhibit the respiration of
turnip slices (Davies, 1966), this was not apparent for carrot slices
(Fig. 4A). It was found, however, that ethionine, an analogue of methionine,
clearly inhibited respiration of the disks after 20 hr of treatment

(Fig. 4B)

Aminopterin, known for its inhibitory effect on the synthesis
of THFA from dihydrofolate, did not have any major effect on the rate of
induced respiration of aerated carrot slices (Fig. 4B); in fact, such

disks actually showed a 10-20% stimulation of respiration over the control.



Fig. h. Iffect of acration on rvospiration of carrot ticsue cliccs in the
presence of differont treatment solutions

Disks (1 mm x 9 mm) were cut from greenhouse-grown carrots stored for 2
months at 4°C. Two replicates of 5 disks each were sampled at various
times and the oxygen uptake determined by a YS! oxygen monitor. Fresh wt.
of the disks was detcrmined after an 8 min run. The mcan values were
plotted for carrot slices aerated in distilled water (control) (Q), 0.1
mM GA3 (®), 5 mM4 L-methionine (A), 10 mM L-ethionine (A) and 0.02 mM

aminopterin (O). Data for A and B are from two separate experiments.
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1. Studies of Amino Acid Levels during Storage and Changes during

¢

Acration -

A detailed assessment of the levels of free amino acids, parti-
cularly those associated with one-carbon mctabolism, could clearly yiéld
important dhta rcgarding the turnover of methyl groups during the enhanccd
biosynthetic activity which occurs during aeration of storage tissue
slices. Before attempts were made to study thé effect of aeration on
amino acid levels of ‘tarrot stices, the effect of tissue source and storage

conditions on initial levels was examined.

Amino acid analysis of carrot tissue stored for 2 monti.s at
L°C revealed that the free amino acid pool consisted of three principal
amino acids; 34% alanine, 29% glutamate and 23% serine (Table 3). Other
amino acids detected were aspartate, valine, isoleucine, glycine and
lysine. An approximately cquél concentration of amino acids was released

after hydrolysis of ethanol-insoluble protein extracted from these tissues.

In carrots stored for 6 months, tﬁe free amino acid levels
showed an increase of over 300% while protein amino acids declined by 37%
(Table 3). However, the total amino acids (free and protein) recovercd
from such tissues doubled during this additional storage period. It is
clear from Table 3 that the almo;t 100 pmol/g fresh wt. increase in free
amino acids cannot be attributed to amino acids liberated by protein
degradation which amounts to only 14 umol/g fresh wt. Serine showed the
.. .est increase during storage. After 6 months of storage, free lysine
was not detected but proline and methionine were now found. In general,

all protein amino acids declined in concentration after 6 months' storage

with the exception of methionine which doubled in concentration (Table 3).
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i

Table 3. Effect of storage at 4°C on free ang\?rotcin anino acids
’ of carrot tiscue

Mean values expressed as umol/g fresh wt. tissue after duplicate analysis
by Beckman 121 analyzer. F, fre . P, protein; T, total; n.d., not detected;
t, tracc amounts.

Months of storage

Amino

acid 2 6
F p T F P T
Lys 0.19 2.19 : 2.38 n.d, n.d. 7.d.
“His n.d. 0.72 0.72 h.d. t t
Arg n.d. 0.56 0.56 n.d. n.d. n.d.
Asp 2.85 3.89 6. 74 13.29 3.36 16.65
" Thr t 2.51 2.51 t 1.80 1.80
Ser 8.70 3.06 11. 7 44,77 2.10 46. 87
Glu 11.00 4.93 15.93 24.09 3.55 27.64
Pro . n.d. 2.29 2.29 4.02 1.86 5.88
’G]y 0.23 3.92 4.15 0.98 3.47 4.45
Ala 13.20 4.02 17.22 42.68 3.12 45.80
Cys n.d. n.d. n.d. t n.d. t
Val 1.10 3.28 4.38 5.29 2.84 8.13
Met n.d. 0.09 0.09 0.18 0.18 0.36
Ie 0.58 k96 2.54 1.68 0.7k 2.42
Leu 0.31 3.06”‘ 3.37 0.08 0.66 0.74
Tyr n.d. 0;64 0.64 n.d. n.d. n.d.
Phe n.d. 0.61 0.61 n.d. n.d. _n.d. |
To;a] 38_]6> 37.73 75.89 137.06 23.68 | 160.74
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When changes in the principal free énd protein amino acids were
followed du}ing acration in distilled water (Table 4), it was observed
that‘phe total frce amino acids declined from 38.16 pmol/q fresh wt. to
11.96 umol/g fresh wt. by 48 hours. There was a gencral depletion of
individual frcé anfino acids and although not very pronounced in aspartate,
the decline was dramatic’jn alanine. Total protein amino acids remaincd
relatively unchanged during the early stages of acration but,py 48 hr of
aeration displayed a 42% increése over the initial levél. Although all
protein amino acidsyghbwed an increase after aeration, on a percentage

basis, g]yciﬁe and méﬁhﬁonine showed the most significant increasec.

In connection with these analyses iﬁ was found that some amino
aqids were ]eachgd out of the slices during the incubation period. Table 5§
sunmarizes‘the ]eQels of the four major amino acids detectcd in the dis-
ti]léd water‘éfteriyérious aerating periods. In this particular experiment
_the égrating Eediuﬁ-was;not.changed. It is evident that the amiro acids,
with the exception of aspartate, re-entered thec slices as the endogenous
pools were depleted. Relatively high amounts of ammonia were also detected
in the aerating solution together with trace amounts of glycine,vvaline

and izoleucine. The amount of each amino acid leached out reprc%ented

approximately 109 of the endogenous poo! | resent before aeration.

. i3 .
Disks cut from 6-month stored tissue siowed a decline in free

amino acid levels from initially 137.06 umol/g fresh wt. to IOS.%O umol/g

fresh wt. after 24 hr of aeration (Table 6). In contrast to disks of
2-month stored tissue (Table 4), these disks show that levels 5f§free

2

serine did not decline during the aeration period studied (Table 6).

Furthermore, several amino acids were not detected in either free or



Table 4. Changes in free and Woteir anino acids during acration
of carrpt glices .

Disks prepared from greenhouse-grown carrot tissuc stored 2 months at 4°C. Mecan
values expressed as suol/g fresh wt. tissue after duplicate analysis. F, free;
P, protein; T, total; n.d., not Jetected; t, trace amounts.

o

18urs of aeration

hmino . 0 24 18

F Py T F p T F 3P T
Lys 0.19 2.19 2. 38 0.05 1.78 1.83 0.02 2.82 2.84
His n.d 0.72  0.72 n.d 0.59  0.59  n.d 0.83  0.83
Arg " n.d. 0.56  0.56  n.d. 0.55 "S5 nld. 0.83  0.83
Asp 2.85 3.89 6.74  2.58 4 : 1.99  5.68 7.67
Thr t 2.51 5.51 t 2.7 Y n.d. 3»35 3.35
Ser 8.70 3.06  11.76 3.8 3. g h.84 3,99 8.83
Glu 11.00  h.93 ’15.93 8.67  4.86 ...55  3.16 's.us'y" 9.65
n.d 2.29 2.29 n.d 2.25.  2.25 vo 07 3.11 3.18
v 0.23  3.92 4.15 0.0k 4.13 417 0.05  6.66 6.71
Ala 13.20 4.02 ;7.22;‘. 2.69 4.02  6.71 1.24  '5.35  6.59

Cys n.d. n.d. nd n.d. n.d. : n.d. t n.d. t
va) 1.10 3.28  4.38  0.47 3.05 3.52  0.3] k.39 4.7
Met n.d. ‘0109 0.09 . 0.22  0.22  0.17  0.36 0753
e 0.58 1.96 ' 2.54 0.14 1.70 1.84  0.08  3.77 3.85
“Leu 0.31 3,06 3.37  0.07  2.60 2.67  0.03 \5?32 4.35

.0.64 . 064 n.d. 0.5  0.51- on.d.- 0785 .85

0.61 0.6 n.d. 0.5  0.55 n.d. 0.8  0.89

37.73 - 75.20  18.52  36.59  §5.11 :’L}f96 53.69  65.65
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Table 5. Leaching of amino acids fror awcrated carrot slices
into distilled water during acratlion
Carrot tissuc stored 2 months at 4°C. Results expressed as umol/g
fresh wt. :
_ : Hours of acration o
[ Amino acid
o . 12 18 24 ~ 30
= 4 - \Y‘,
PU Asp - - .- 0.73 - 0.77 .72 0.76
: se BEERIPY 1. 1.0 0.82
j _ hci o . 34 7
Glu - 1 0.84 0.72 0.63 0.59
v R . o
_ Ala 0.88 0.65 0.37 0.40
i '
+  Tétal 3.66  3.48  2.79 2.57

protein form. The decline in the free amino acid pool was, furthermogg,

not comparable on a percentage basis to the decline shown by the previous
: )
tissues. This also em ‘zed the need for a uniform source of carrot

’

3 .

‘tissue if meaningful coumparisons between experiments are to be drawn.

The effect of GA3 and methionine treatments on the free amino .

acid levels of aecrated disks is shown in Table 7. In agreement with the
- data presented in Table 4, free amino acid Jéevels declined during. aeration

of control.disks. This also occurred in the GA3 and methionine treatments.

In the tatter treatméng, methionine taken up was subtracted from the total
qb o N

free amino acids recovered from the disks. Depletio® of the frer amino
acid pOois_was most rapid and extensive in the GA3 treatment; some-amino

" acids disappeared entirely by 48 hr of aeration. An accumulation of

me;ﬁiohiﬂe occurred in, the methionine-treated disks, the levels of this = :

L5y A ) : ' .

< =
. -
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Table 6. Changes in free wil - voteds mmino aelds in acrated earrot tisoue
store  for - uths at 4°C
Re .» expressed as pmol/g fresh v e. F, free; P, protein; T, total;
n.d., not dctccﬁcd; t, trace amounts. ané
Hours of acration

o : :

F T F P T
Lys - n.d. n.d. n.d. n.d. t n.d. n.d. n.d.
His n.d. n.d. t t t t
Arg n.d. n.d. n.d. n.d. n.d. n.d n.d n.d. n.d:(
Asp 13.29 3.36S;3 16.66 14.65 3.07 17.72 11.01 3.1 14.lé
Thr t 180 1.3 1.60 1.60 n.d 1.62 1.62
Ser Ly 77 2.10 16.87 37.02 1.85 38.87 48.79 1.95 50.72;
Glu 24,09 3.55 27.64 18.95 3.23 n8.18 12.78 3.15 15.93
Pro 4.02 1.86 5.868 3.11 1.62 4.73 2.41 1.64 .05
Gly 0.98 3.47 e 49.55 0.81 3.19 . Op: 0.85 3.09 3.94
ila L2.68 3.12 45, 80 33.95 2.80 36”)5ﬂ 24 .47 2.8] 27.28
Cys t n.d. n.d. n.d. n.d n.d @ d. n.d.
Val 5.29 2.8} .13 L.26  2.42 768 1.3,39  2.34 5.73
Met 0.18 0.18 n.36 0.05 0.15 .4 th.OS 0.26 0.35
fle 1.68 :,0{75 2.42 1.09 0.75 1.84 1.32 ‘ i;27 2.§9
Leu 0.08 L 0.66 0.74 0.08  0.48 0.56 0.C9 1.22 1.3é
Tyr n.d. n.d. n.d. n.d. n.d. n.d. t n.d. t
Phe n.d. n.d. n.d. n.d. n.d. n.d n.d n.d. n.d.
To;a] 137.06 23.48 ' 160.74 113.97 21.20 135.04 105.20 22.47 127.67




Table 7. Changes in prineipal frec amino acids during acration
of carrot tissw: vliices in Jifferent treatments

o
Carrot tissuc, greenhousc-grown, stored 2 months at 4°C. Results expressed as
nmol/g fresh wt. tissue. Amino acids not listed were not detected. n.d., not
detected; t, trace amounts.

Hours of aeration

Amino acid
0 12 24 . 36 L8

Distilled water control -
Asp 3.72 3.94 L. 44 2.28 1.80
Thr 0.51 0.38 0.59 0. by 0.23
Ser 3.85 2.25 3.79 3.26 3.10
Glu 2.61 3.31 5.29 3.16 2.53
Pro 0.26 t t t t
Gly 0.13 0.13 0.18 0.09 . 0.13
Ala 5.08 2.09 2.39 0.84 0.3
Cys 0.09 t 0.16 t t -
val 0.41 0.33 0.4k 0.24 0.8
Met 0.05 n.d. n.d. n.d. 0.03
Ile 0.28 0.18 0.21 n.18 0.08
Lew 0.13 0.06 0.06 J:08 045

Total 17.12 12.67 17.54 10.57 8.56
0.1 mM GA4
Asp _ 2.10 " 1.85 1.72 0.84
Thr 0.56 0.36 0 0.13
Ser 3.35 3.33 4.3 2.57
Glu 2.51 2.39 2. v 1.05
Pro t t tugaab t -
Gly 0.11 0.08 0.07 0.05
Ala : 2.98 1.18 0.69 ) 0.18
Cys t t t n.d.
Val N 0.43 0.2Y 0.23 0.08
Met n.d. n.d. n.d. n.d,
tle i 0.18 0.13 0.11 0.05
Leu t t t t

Total 12,22 9.61 0 9.56 4.95
5 mM L-methionine
Asp ’ 2.72 2.31 2.36 1.79
Thr 0.64 0.39 0.36 0.28
Ser . 6.74 5.64 5.54 5.15
Glu ' 2.10 1.67 1.66 1.23
Pro t n.d. n.d. n.d.
Gly ’ 0.15 0.16 0.13 0.10
Ala 3.03 . 2.00° 1.34 0.67
Cys t n.d. n.d. t
Val 0.49 0.39 0.31 0.21
Met 3.33 .53 5.43 ° 7.02
lle : ’ 0.29 0.25 0.18 . 0.20
Leu - 0.18 t . t t

Total 13.57 17.34 17.31 16 .65

Total - methionine g 16.24 12.81 11.88 9.63
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amino acid increcasing 140 fold by 48 hr of aecration. In comparison to
the other treatments, such disks also maintained a significantly higher

level of free scrine throughout the acration period.

Total protein amino acids, for the 36 hr study period sclected,
increcased slightly in both the control and the GA3 treatment (Table 8).
A grecater increasc in protein amino acids was observed in the methionine-

treated disks where most of the acids listed showed increcases over the

control values.

Estimations of total water-soluble protein were also carried out

(Table 9). In the distilled water control synthesis of soluble proteins P

~

occurred during the aeration. The results are not as clear-cut in other
treatments although by 48 hr of aeration all of the treatments showed a

marked increase in the amou:it of extractab]eﬂﬁ%ter-soluble protein.
A
Table 9. Effect of treatment and aeration on the quantity of water-
soluble protein eutpacted from carrot slices

Mean value of duplicate estimates expressed as mg soluble proteln
extracted/g fresh wt. tissue.

Hours of aeration

Treatment
| 0 12 24 36 48
Distilled water control 1.81 2.05 1.96 2.14 2.21
0.1 mM GA4 : P.39 2.05 2.04 2.09
5.0 pM L-methionine 2.20 1.82 1.95 2.4k
10.0 mM L-ethionine R 2.04 1.94 1.92 2.41

0.02 mM aminopterin - 1.69 - 2.07 2.00 2.77
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IV. Folate Derivatives in Carrot Tissue Slices and Changes during Aeration

!

Carrot tissues examined for folates by Toepfer et al. (1951)
were uﬁnd to contain detectable levels of materials which promoted the
growth of the folate assay organisms, L. casei and S. faccalis. To obtain
more information regarding the nature and levels of folate pool constituents,
as well as possiblc changes occurring dur}ng aeration and treatment, the
following detailed investigation of carrot disks was undertaken. Firstly,
the principal folate derivatives were identified in extracts of freshly
cut slices followed by an anaiysis of the changes occurring during aeration

of slices in each of the different treatments used previously.
. e

A
Vo

The results, presentedffn“Fig. 5 ana”Téble 10, establish, for

rthe first time, the nature of the folate derivatives present in carrot
root tissue. Fig. 5 is a typical elution sequence of the derivatives
extrdéted from tissues stored for 2 months at 4°C. Compounds present in
the first two major peaks (Fig. 5, peaké a and b) gave growth promoting
properties typical of formyl derivatives and were eluted at positions
corresponding to 10-formylTHFA and 10~-formylTHFA diglutamate, respectively,
aS‘established by the criteria of Roos and Cossins (1971). The large peak
(Fig. 5, peak c) coincided with authentic 5-methylTHFA. The minor peaks
(Fig. 5, peaks d and e) probably represent THFA and S-methleHFA digluta-

mate, respéctive]y, as identified by Roos and Cossins (1971), also occur

in small quantities in pea tissues.

When carrot tissue slices:yere aerated in the different media’
(Fig. 6) it was found that the levels of 'free' folates increased dramati-

cally in the control (distilled water), GAj, methionine ar? ethionine

/

li



Fig. 5. Chromatography of folate derivatives extracted from freshly-cut
carrot tissue slices

Analysis of greenhouse-grown carrot tissue stored 2 months at 4°C. After

DEAE-cellulose chromatography, the fractions were assayed for folate com-

pounds using L. casei. The derivatives shown are: a, 10-formylTHFA;

b, 10-formylTHFA diglutamate; c, S5-methylTHFA; d, THFA; e, 5-methylTHFA

diglutamate. S. faecalis gave positive growth responses to the compg&nds

in peaks a, b and d but not in c.

i
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Fig. 6. [Effect of acration and treatment on levels of 'free! folates
in carrot tissue slices

Cumulative figures from Table 10 are represented followinéxestimation

using L. cacei. Greenhouse-grown carrot tissue stored 2 months at 4°f

was sliced for the following treatments: distilled water (O), 0.1 mM

GAy (®), 5.0 mM L-methionine (A), 10.0 mM L-ethionine (A) and 0.02

mM aminopterin (0O).
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treatments but declined in the aminopterin treatment. These increases
were consjderably greater in disks acrated in GA3 and methionine as com-
pared to the control. The deplction of the tetrahydrofolate pool as a

’

result of trecatment with aminopterin was as expected.

Cotumn chromatography of the 'frec' folates in slices aerated

over a 48 hr period in the five treatments gave the results arune  f7ed in
Fig. 7. A comparison of Figs. 5 and 7 emphasizes the gnitude of the
increases in the individual folate derivatives as a v t of -~ tion

under the various treatment conditions. The princip:l derivative, 5-methyl-
“THFA (Fig. 7, peok c), showéd greatest accumulatios in disks aerated in

the presence of methionine. For sake of clarity, the elution pattern qu
the ethionine-treated slices is not shown in Fig. 7 as it would be essen-
tially superimposed on the GA3 values. Aminopterin-treated disks show a
‘marked depletion of 10-formylTHFA diglutamate and 5-methylTHFA (Fig. 7,

peaks b and c, respectively).

Anélysis of slices from the various treatments at 24 and 36 hr
of aeration gave levels intermediate to thosé‘of Figs. 5 and 7 and are
5qmmarized in Table 10. The major derivative found in this tissue,
iS-ﬁéth;iTHEA, accounted for 61% of the mono and diglutamate derivatives
present‘at the fime of initial slicing. This proportion increased to 75%
after 48 hr of aeration in the distilled water control. Table 10 also
indicates fhat formylated mono and diglutamate derivatives accumulated
during aeration of the slices in distil]ed{water but proportionately not
as much as S5-methylTHFA. A siTi]ar patterﬁ is also evident for slices

aerated in GA3, L-methionine and L-ethionine. An accumulation of S5-methyl-

THFA in the presence of exogenous methionine is contrary to what occurs



Fig. 7. /Qﬁfﬁatégraphy of folate derivatives from carrot slices aerated

i for 48 hr in different treatment solutions
After DEAE-cellulose chromatogréphy, the fractions were assayed for folate
compounds using L.  case?. The derivatives shown are: a, 10-formyl1THFA;
b, 10-formylTHFA diglutamate; c, 5-methyITHFA. Greenhouse-grown carrotA
tissue stored 2 months at 4°C was sliced for the following treatments:

distilled water (O), 0.1 mM GA; (M), 5.0 mM L-methionine (A) and
0.02 mM aminopterin (0O). :
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Table 10. Effcet of avration and ircatrent on lovels of "free! THFA
Cos dertvatives. in carroé tisauc slices

Greenhouse-grown tissue stored 2 months at 4°C used for slicing. Results
expressed as-folit acid cqui.alents {ng/g fresh wt.). ‘

v

Hours of acration
Treatmcqt ‘ : -
B 0 24 36 "\ 48
w  10-HCO-TilFA ) ;
Distilled wgtcr.conf}olA 3.70 4.28 7.91 9.60
UL 01 Ay ©.92 9.24 6.20
5.0 mM L-methionine 6 741 1 8.60
.10.0 mH L-ethionine | - 7.0k 8 56 5.40
0.02 mM aminopterin o . 5.5 ¥ | 7.08‘
@ | . | | , :
,10~HCQ:7WF% Jiglut&maté . ’ | . ‘ ‘; : L _ »
» %J"‘Distmed water contro)l 3.'07, - 6'.36 - 3?3.32 ,'ajo.?o }
T QA;"l*' . A:.. o o 516 ’ ~ Jeﬂzd | ‘f"*iifzu‘ )
" 5.0 ﬁihﬂ'L-nletF-lioni.ne e ._ 1.8 13.08 o 423“.37 ”
10.0 mM L-ethibn;ne; - “mffaifiﬁxy. ,6.62’ N 6.07 5.25
fo.dg ;M aminopteriﬁ _ &2 Q ?6.;]7 LA 205 . . .0295
: : 5 3 ‘ : - ]
-5%Wyﬂﬁn ] - )
2 Distil]ed water cdnt}ol' ' 10..2 .- ~3ofb2f 36.33 f 57;68
o1 GA; ) - 49.85 75.43 101.60
5.0 mh L-methionine . § 70.29 °  .96,57°  1k1.58
io.o  M L-ethionine L © 32,72 "68.69 . 85.00
"*o;oZ‘mH‘éanopté}in : R R YA 3.67 4.6k

»

ol ¢ o ° i oo
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? ) ] ’ .
under such conditions in yecast (Lor and Cossins, 1972) and in rat liver
o : .
(Buchring et al., 1972). The levels of monoglutamate’derivatives in GAjy,
. r Uw
b meth|$2|ne and cthionine-treated disks were higher than those in tDe

distilled water qpntrol throughout the acration period (Table 10) . After

v &

36 hr of aenatlg' Mormy ITHFA declined in both ‘the GA3 and the ethlonlne—‘

~

trEhted slices. K¢

eV

V. .Polyéfuﬂﬁafi Folate Dcrivatives of Carrot Tissue Slices
' AU

*

Earlier work in ths laboratory as well as pre1|mpnary work in’"
/ . «.4.‘* W ‘TJ‘
‘this Qtudy indicated that polyglutamyl Folate de myatlyeq exnst to varylng

1

deqrees in manyxgugher p]dnt tissues lnc]udlng cangbt f‘#n*orde‘ to examine

T ‘)7 oy *\a\u/“

»é
the changes in such po]yg]utamates in carnqj slices aer%{ed |n dlffelent

LA

treatment so]utuons a series of extracts were prepared frdﬂ clices aerated

’ .
. - . '-T- 0 gy

. R
Y gln dlstdlled water (contro]), GA3, methlonlng and ethlonlne solutions.
N .

E) y Al
Polyg]utamyl folates cannot be dlrect]y assayed mlcroblologlcal , but can «
f ﬁ‘~3) e
Jpe assayed after hydrolysns to 'free" fo]a@g#{by treatment wlth y glutamyl
S # ? ‘qf
& cbrngypeptldase The peptldase used |h %hf§;study was\prepared from

germlnatlng pea cotyledons (Roos ‘and: Cossuns ]971) and hydgoﬁyzeiipoly—
. e

o g]d%éhyl fo]ates to monog]utamates Since the carrot tissue used in this

study (Fig. 8 and 9) was from a dxfferent harvest than” that used for

R
experiments represented in Table 10, it wu]l be ndkted t&ﬁi the Ievel of

'"free! Fo]ates (before conJugase treatment) wasvhlgher at |n|t|a] slicing

(42 ng/g fregh wt., Fig. 8, control) that the value shdn in Table 10

(16.89 ng/g fresh wt.). k oo
. o Rar . s.‘

A

W | B

The control treatment (Fig. 8, control) shouws that =% of the

folates in carrot tissue, at the time of initial s]icing, existed as poly-

glutamates: " A trend of this itude appeared to be‘maintained throughout

’
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Fig. 8. Levelsiiof folates in cmtzacfu from '.',‘/“. slices aevated

. under diflerént tre atmont condi-tlons ‘
¢yl
e

Greenhouse-grown carrot. Xissue st@?cd 2 months at b C was ‘used ‘For slicing.
ok

Allquots of - GXLIdCTS &gﬁe assayed u5|ng L. Wagovsd Hydrolys:s of poly- ST

g]utamyl dernva;:@ps wds achlfved b¢ lncubatlon of the{gxtracts wi th pe%i

coty]edon Y- gﬂutamyl carboxypcptidase. The data is preSented as total
\7
levels. after carboxypeptvdase tréatment ([}), leve]s before carboxypep-

tldase treatmen?!or ‘frge‘-féﬂateﬁ_(a)g*ﬂcVé]s of polygluramyl deriva-

tives (l . . , B
Nid . T A A )

"y Kl ) ~

¥ e,

&

RN
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F¥g. 9. LCUpZ\) of Sormylated and unsubstituted folates in extracts
from carrot tissue slices acrated wider dtfjerﬂ.nt.
treatment conditions

Greenhense-grown carrot tissue stored 2 mqnmhs at h°C was used for

¥

; ,»J\llquots of extracts vere, aé;sayed using S. faccalis.

Hydrolyéls of polyglutamyl der wﬂtlves \% ac&ateved by |ncubat|on ) {J
of the cxtracts v’hth pea cotyledon y- glutamyl v;arboxypeptldase ‘ g ‘*
The data is presented as .-total Ievels after carboxypeptldase treat- i o
ment (D), levels E‘éfore carboxypeptldase treatment (E), levels of

polyglutamyl derivatives ({).
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1
l
i

the'pcriod'of acration in distilled water. Conhsequently, increases$ in

'free' folate derivatives were observed as a direct result of acration.

'
]

Carrot slices

‘acrated in GA; for hé hr showed the highestlevels
of total folaLCS‘aftcr‘cqﬁjugagé.treatﬁcnt (Fig. 8). "Disks aerated in

methionine showed a lower rate of'Eo}yglutamateuabcuquation than that
- v X .V

W N g ‘ .
_observed in the control. Thcroﬁwas, however, a correspording increase

viin monoglutamate forms which may-suggest that polyglutamdte forms were

9 §
i »

being hydré]yééd during the aeration period by endogenous éafboxypcptidases.

TN . oy y J ‘

Disks ‘aerated in ethiohine‘Shpch A pattern similar to that of methiopine.

’

L R T . ‘ v
S (a) the accumulatiop of 'free' folates. during the acration
Kol s and.(b) thg "free' folate Tevels  jn methionine, GA3 and ethionine

treatments (Fig. 8) being greater than the contral, dre~in- keeping with

S

. <

Lronds established in'Jable 10.. . .

Using S. fazcalis, wbich grows in the presencé Qf“formylated and

unsubstituted folate derivatives,”an estimate of these céﬁﬁdUnds was mgde
(FTg¥ 9). Approximately 6-.ng/g fresh wt. folic acid equivalents were

determined as formylated derivatives at jnitial slicing (Fig. 9). A small
increase in these derivatives hifore conjugase treatment can be seen (Fig.
. . ]

g, control) and is in-agreement with Table 10. The ¢ entrat[gn of

~

g;formylated polyglutamates appeared to remain fairly ons ant‘in the control
{ untii the léter‘stages of aeﬁqtfon. ;ﬁ GA3 and methionine-treated slices,
however, formylated polyglutamates increased significantly (Fig. 9) during
the ‘early stages of aeration and then decliﬁed. Comparing’fhese two
treatments (Fig. 9, GA3 and methionine) tovc?rrespdnding treatments in
Fig.'8,'it is probabie that a major portion of the polyglutamate pool
duzéng the intermedféle‘stages of aeration in the GA3 and methionine *

%,

o
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treatments existed as formyH§QCrivatives rather than as mcthyl derivatives.

This situation appeared to be reversed in the control disks.

VIi. Enzymes of One-Carbon Mctabolism: Activitiecstge o Function of Acration

and Treatment

The activity and regulation of enzymes of C; metabolism have now.

becn investigated in greater detail since their presence was first estab-

éﬁsﬁcd in carrot tissue (Fedec and Cossins, 1972). In the present studies

it was established that carrot tisSuc slices contain the following enzymes
of €} metabolism: 5,10-methyleneTHFA reductase, S—methyiTHFA:homocyStcine

transmethylase, serine hydroxymcthy]transferase and 10-formy 1 THFA SYnthétase.

e

In the majority of cases the '?ﬁ§¥activit& of these enzymes was signi- -
-y .

‘1f§E¥ the tissues.

o

ficantly enhanced by GAj treatﬁ

N

\
5, 10~icthylenaetrahydrojolate reductasc

In a study of 5,10-methyleneTHFA reductase (Table 11) it was

found that the specific activity'oT this .enzyme increased during aeration

of the disks in distilled water. By 12 hr, th specific enzyme activity
had increased by 124% over the zero-tiime.value but after 48 hr it had
/ , T . .

+

;r.a,: w . .
Like the Feéulti/of the control, disks aerated in GA3 showed '
. i < . ; . * )
maximal 5,10-methyleneTHFA reductase activity by 12 hn:Bf aeration (173%
' i "

of the zero-time value). These GAj-aerated disks displayed the highest

activity of all treatments for e 12 and 24 hr assay periods. The decline
of activity in GA3z-treated slices during later stages of aeration was not

as rapid as in the control. Disks treated with L-methionine also showed

enhanced reductase activity but in *treatment it was low,er\during the

.~

PN
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Table 11. Effeet of acration on &, 10-mathyleneTHEA reductase actrvity
of treated carrot slices

The complete reaction system contaaﬁcd, in 0.32 ml: 10 umol of K-phosphate,
buffer (pH 6.4), 5 nmol of FAD, 5 nmol of menadione, 5 umol of formaldchyde,
0.1 uCi of 5-[methyl-14ClmothyITHFA (1 Ci/] mol) and cell-free extract
from carrot slices. Results arc expressecd agnmol product forhcd/mg

protein/hr at 30°C. All assays were performed in duplicate.

>
: L
Hours of aeration f#é@
Trecatment ‘ . .
0 12 24 36 Y48
‘ .
Distilled water control 1.38 3.19 2.69 1.37 0.74
0.1 mM GAj Y 3.76 2.78 2.5 1.22
5.0 mM L-methionine ‘ 2.71 2.44 2.50 2.12
10:0 mM L-ethionine 2.53 2.37 2.17 1.89
© . 0,02 mM aminopterin 2.83 1.43 ,70.82 0.40

early hours of aeration and showed little decline after 48 hr. Extractd of
L-ethionine-treated disks gave results similar to those observed for the
methionine treatment but sHowed a.more extensive loss of enzyme act ‘v

by 48 hr.

¥
* \

S—MbthgZ?ctrakydfofblate:homocystcine;transmethylase ~

L4

.

‘ - AN ‘ ; :
During aeration, the specifig‘activiiy of 5-methylTHFA:homo-

o

cystein. transme. ~ylase also varied considerably in each of the treatmentsw
employe - (Taf 12). In tf-distilled water control, enzyme activity was

maximal ai * i hr of aeration at which timé'it was 33% greater than the
- .
initial —ero-time value. After 48 hr of aeration, however, the activity

|- ~

had: declined markedly.
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'Tahhuﬁﬂﬁs Fifeet of acration on S-piothylTHFA:Tomolystoin: transmethylase
oyt @ . . - 5 ; P *
activity o treated carrot slices
The complete reaction system contained, in 0.5 ml: 50 umol of K-phosphate

buffer (pH 6.3), 1 umol of L-homocysteine freshly prepared from the thio-
lactone form, 0.1 uCi of 5-[methyl-1"Clmethy I THFA (1 uCi/16 nmol) and cell-
free extract from carrot slices. Resylts are expressed as pmol product
formed/mg protein/hr at 30°C. All assays werce performed in duplicate.

v

Hours of aeration

Treatment
0 12 24 36 L8
Distilled water control 1524 148.8 202.2 132.0 65.4
0.1 mM GAj s 255.5 280.8 427.8 215 .4
5.0 mM L-mcthionine 159.6 196.8 " 228i0 - 247.2
#»10.0 mM L-ethionine "3:229.8‘ &.2 - 199.8 23/.0
'(‘;"'f_":i?}xf'

.0.02 mM aminopterin

‘;3@7;§ 9i.B - sk.6 27.0

Disks aeftatedfin GA3 showed thérmost dramatic increase in trans-

methylese activity. this treatment maximal activity occurred after 36

hr of aeration. At this time, a 182% ingﬁp&ﬂ% in activity over 'the initial
: ‘ SN TR N

zepo-time value was apparent. This treatment also mainiained th& highest

f ~ . B

.

aétivity of a]]'treatTiBts durﬁng 12-36 hr of aeration, in fact, at 36" and

48 hr ®he activity extractéd from the GAs-treated slices was triple that

of’ the control disks. Methibninc-{reated disks, on the ather hand, shéWed

» ) £

e

a gradual increase in trani@éthy]ase activity over the entire 48 hr aeration

period with an activity double that of the control at 36 hr and nearly

v
-

quadruple at 48 hr of aeration: Disks treated with ethionine did not

a* hd

behave like those of methionine. Rather, there appeared to be a drématic,'

decrease in activity at 24 hr followed by some increase during the remainder
- i .

of the aeration period. Aminoptefin-treated disks showed a cont inuous



decline in transmethylase activity throughout the acration period. This

-trend is in keeping with the observation that the synthesis of 5-methylTHFA
. \ - . ’

was also considerably redudced by this treatment (Table 10).

L ) ~
Serinc  droxymethylirans forase

A}

" In general the activity of serine hydroxymethyltransferase showed
increases 'during aeration under the treatment conditions employed (Table
13) . F?Jlowing 12 hr of aecration in distilled wafer; the Qetivity doubled

and reméjncd fairly high, notwithstanding minor fluctuatéons. Treatment

-

with GA3 cnhanced the activity of this enzyme during the #eration period

to a greater degreg; in fact, the general tremd in this treatment app‘drcd

%'%» , 4-@“
to |nd|caLe that serine hydroxymethy]t?ansferase acttv1f§ gmﬁrqaneQ avor
. e w H - &.
~ the aeration period. In mcthlonlne rreated slices, the enzyn\.appearcd

to reach maximal activity at 12 hr and tien decline to lower levels equal

to or lower than those of fhe contral.

- 0
Table 13. Effeet of acraiion on serine wua&ozumethJZJﬁarOfewase
’ - activity of reatea carrot slices
o
~~The complete reaction system contained, in 0.4 ml:, 30 Lmdl of K- phosphate
buffer (pH 8.0), 0.1 umol of pyridoxal 5- phosphate 1.6 um6l of THFA,
2 ymol' of ®y@ercaptoethanol, 0.1 uCi-of L= [3-1“C]serlne (I uCi/17.7 nmol)

, ahd Sephaddx G-15 desalted cell-free extraet from carrot slices. Results
" are expressed as rimol product formed/mg protein/hr at 30° C. Al apsays '
were performed in dupliedte- o
" o //"\
- o ‘ co * Hours of aeration
Treatment :
0 12 : 24 36 48
Distilled water control 0.98 1.99 1.63 *  1.66 1.93
0.1 mM GA5 ‘ 2.19 2.85 2.30 3.60
5.0 mM L-methionine 2.00 . 1.97 . 1.65 1.65

% 4 *



jO—IYUwyZtctraﬁydrofbiatc synthetasce
Both crude and desalted extracts werce compared for activity of
10-formyITHFA synthetase (Table 14). In desalted extracts, it was found
that with aeration there was, as a general ;ulc, an increasc in enzyme
activity in most of the treatments. With the exception of the 36 hr value,
GAz-treated slices showed a éreatcr synthetase capqp1ty than did controf
disks. An overall increase in specific-activity of 60. to 70% was observed
over the 48 hr aeratjon period. Mcthionine-treated dlsks did not appeal
+« to have as marked an increase in synthetase activity és the other two

.
treatments. . -
* : I
'r‘ i

Table 14. LJJcct of agration on 10-formyLTHFA synthetase activity
in treated car)ot “ZlCCJ s o

I8

The complete rcaction system contalned, in Of8 ml: 10 umol of triethanoi-
amine-HC1 buficr (pH-8.0), 150 pmol of TRIS-formate buffer (pH 8.0), 2.5
ymol of MgCl,, 200 umol of KC1, 4 pmol of., THFA, 2 umol of ATP, 10 umol:
2-mercaptoethanol and cither Sephadex G-15 desalted or non&esa]ted cell—'
frec extract from carrot slices. Results are expressed as nmol produgt
formed/mg protein/hr at 30°C. All assays were performed in duplicate.

Hours of aeration

Treatment

- , . : N ]é 2l u36 o L8

Crude cell-free extracts:

Distilled water control_ 918 1296 1464 1548 1854
0.1 mM GA3 ' 1242 1308 . 1626 1902
5.0 mM L-methionine ; 1206 1302 1146 ,? 972

’

Desalte? cz2ll-free extracts:

Distilled water contro¥” 1005 1167 1429 1740 1632
0.1 mM GAj ‘ o 350 . 1614 1416 1770. -
5.0 mM L-methionine 1128 . 1272 1290 149k

\
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Crude tissue extracts which had not been desdlted showed similar

trends for the three treatments studied but the difference in enzyme

activity of disks acrated in methionine was more pronounced in these

preparations when compared to the control, especially after 48 hr where

< ’

the activity from mcthionine-trcated *ks was half that seen in the

control and was very, snmllar to the in tlal zero-time valug.
&

@ owee 3=
"..; vl‘\«\ v ' ‘
RS A g.‘v" ol .
VI, Effccts of L- Mcthlonlne and Other Compounds on the Act|VIty of Cy
Mg»ymes in vitro . j"p; IR )
. Results preéented ear]ier'have shown that. L-miethioning-treated".

.

i

a0 o ¢ only accumu]ated 5<GH3-THFA but showed enhanced. actIVIty

carrot slice
te »

1 enzymes of one- carbon metabo]|sm 'Thls is in contrast

.

ioniné. normally exhibLg? in,microorganiéms and other
tisSues. yBy‘Tnhibjtiéﬁ'or repressiom/ methlonvne plays a sngﬁ:flcant ro]e

o

in the regulatson of certaln enZymes oF C; metabolism |H mlcroorganlsms

i._tISSUGS and hlgher plants (Table 1, p. 27). Two }DCh enzymes are

4

also inhibit the reductase (Table 1). 1t was, thereFOﬁe, on-

4

“-sidered worthwhile to in(gstigate the suggestion thgt‘hephionine may have

-

little effect in vitrojhdLréQUiaf[ng'fhesé enzymes‘?d aerated carrot
stices. The_sfudy was é]éé’éxténded to fncludevofherudirettly;related
enzymes and effects of SAM on the, two enzymes previouéixwment}énéd.

Effects of‘methiongpe as réléﬁed.to physiologiéa]vconéentfétio%s found

’

in carrot tissue were the prime target for observation.

5,10-Methy leneTHFA reductase st

The effect of several conce tions of\L—methiOhine.on the

activity of.5,10-methyleneTHFA Fe cfase is shown in TabIéKIS. At«tHL
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.

concentratlons studied, methionine inhibited ihe activity of this enzyme

"

by 20 to 30%. Most inhibition occurred at very low levels, 'i.e., physio-
logical Tlevels. It has already been shown that very low or only trace’
éfggigi_gf,methioninc were found in acrated carrot tissue slices (Table k)

Y
and in incht\Earrots (Table 3).

< Table 15. Efbeu ofi 7{ihzonvnl on 5,10~ mathJwaflﬁﬁﬂ redifetace
¥ o &ty i vitro )

Reactlon conditions wcrepﬂ%cntacal to tlqse.,of Table 11 except that
varlab]e quantities of L‘methlonlnc were added to the reaction system

‘indicated. , . e
4 L-méthioninq’ ! “ Enzyme gctivify
(Final’gpncn., mM) (% of control)
. & —
0 100~ .
‘ : N g
0’01 . ’ 678 . i . R
0.05 ' - - 66.2 |
0.1 - 65,90
0.5 : 69.1 ‘ '
70.7 .
6 , 7.7
10 = B gLy o
"' . . "\ _]‘ .
e '

T itnls |nterest|ng to notelln th% ;onnectlon that éub]aChed data
-for plants haQe éhown no effect of méthlonlne 1 U”tré'on 5, 10 meth?lgne-
lTHFA reductasg activity in pea cotyledon (Dodd gnd COSSIth 1970) or pea
rodt;tip éxtracts-(Coss{ns et al., 1972). Ihis'enzyme_ié stréﬁély inhibiied

by methionine in yeast ﬂLor_énd Cossins, ]972) and:By SAM in.rat liver - =«

(Kutzbach and Stockstad, 1971). o , .
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Scbora] concentrations of SAM were used in order to determine
whether this compound would have any «ahibitory effect on the activity of
5,10-methylencTHFA reductase (Table 16). No appreciable inhibition was

observed at the concentrations tested.

Table 16. #ffcet of S-adenosyl methionine on O, 10-methy leneTHEA
' reductase activity in vitro

Reaction conditions were identical to those of Table 11 except that
variable quantitics of SAM were added to the reaction system as indicated.

SAM : Enzyme activity
(Final concn., mM) . (% of control)
o | 100

1 98.4

2 108.5

5 ' | 107.4
‘ @

d=Methy ITHFA: iomocys teine transmethylase

The effect of several concentrations of L-methioni... on the

activity of'S-methleHFA:homocysteine transmethylase is shown in Table 17~
using a crude cell-free extract prepared frém carrot disks aerated ;or

24 hr at which time the o. fic activity of this enzyme in distilled
water was maximal. At physio{ogical concentrations there was no apparent
effect on the activity of the transmethylase enéyme, while at the highest
concentrations the activity was only inhibited by about 11%. Although
L*methiqnfne does Hotﬁappearlpo have an effect in vitroién S-methleHFA:
homocysteine transéétﬁy]ase from carrot tissue slices, this enzyme is
inhibited by methionine: in yeast (Lor and Cossins, 1972, and pea tissue

«

- extracts (Cossins et al., 1972).
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Table 17. Effcct of Lemeiidionine on S-methyLUHEL :honocoystoine
teansmethylase aetlvily in vitro

- .

Reattion conditions were identical to those of T. 1.
variable quantitics of L-methionine were added (o the ro iction system

© A

except. that

~as indicated. '’ . .
L-mzthionine Enz .- Suivity
(Final concn., mM) (%2 of control)
0 100
\j
0.01 ‘ 102.5
*» ‘
0.05 (-/ 102.0
0.1 101.2
0.5 ' 101.5
1 93.8
6 92.7
10 89.2

Several concentrations of SAM appcared to show a stimulatory or

-

activating effect on the activity of 5-methylTHFA:homocysteine trans-

methylase in vitro (Table 18).

Table 18. Effect of S-adenosyl methionine on S-methylTiFA:homocysteine
transmethylase activity in vitro

Reaction conditions were.identical to those of Table 12 except that
variable quantities of SAM were added to the reaction system as indicated.

SAM Enzyme activity
(Final concn., mM) v (% of control)
’ 0 ' 100
1 . 139.1
2 136.7

5 ' 163.8
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Serine hydvoximethyltras forase

During assay of crude cell-free exti icts for sciio hyroxy -
meth,1?l wsferase activity, it was observed that very }ittlo loss of
activity occurred after storage for 24 hr at 3°C.  When the extract was
desalted through Sephadex G-15, scrine Hydroxymcthyltransfcrasc activity
decreased ffém ll.j nmo 1 /mg protcin/hr immediately after desalting to
L.6 nmo]?mg protein/hr after 2 hr of storage at 3°C. Thercfore, desalted
extracts were uscd immedﬂately. The effect of L-methionine on the activity
of serine'hydroxymcthyltransfcrasc is shown in Table 19. At the conceﬁ'
trations QSed in this study, it appears that methionine had little or no

¢ -
effect on the activity of this enzyme in vitro.

Table 19. Effeet of L-methionine on cevine hudroxyme thy - .
‘ : transfecrase activity in vitro

Reactions conditions were identical to those of Table 13 except that
variable quantities of L~methioninc were added to the reaction sv tem
as indicated.

3

‘L-methionine Enzyme activity
(Final concn., mM) (% of control)
0 D 100
0.05 o . 108
0.5 107
5 \ 110

10-Formy ITHFA synthetase

Despite reports to the contrary (lwai et al., 1967; Rabinowitz
and Pricer, 1963) it was found that, in the assay of 10-formy ITHFA

synthetase, 2 pmol of THFA per reaction mixture for assay were sub-optimal

&

<»
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(Table 20). Experimentation showed that & pmol of THFA as outlined by
Hiatt (1965) gave ncar optimal activities without significantly adding

to the expense of this r?agcnt.

i

V

Table 20. & oo o THFA concoriyaiion . the activity
of 10-formy 77 cynilatase

Reaction conditions were identical to those of Table 14 except that the

quantity of THFA was varied according to the concentrations listed below.
Sephadex (15 desalted cell-free extract was used. Results are expressed
as nmol piuduct formed/mg protecin/hr at 30°C.
7
l
THFA
concentration Specific enzyme activity

umol/recaction

;337
422
432
350 ‘ !

o 0N =N

Using physiologicgl concentrations of methionine likely to bhe
found in carrot tissue, no apparent inhibition of 10-formylTHFA synthetase
was observed (Table 21). However, at concentrations of 1.0 mM.methionine,
such as would have accumulated in the disks after 36 to 48 hr of aeration
in Lf%ethionine, strong inhibition of the enzyme was observed (Table 21).
It shouid also be\pointed in this regard that decreased activity in vivo,

compared to the control, was shown in methionine~treated disks after 24

to 48 hr of aeration (Table 14).

Since some SAM synthetase activity is likely to occur in these
crude extracts, increases in methionine concentration added to the reaction

mixture, together with a fixed amount of ATP, could result in decreased
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Table 21. Effeet of L-methionine on 10~ formyITHEA syntihictase
actrvity in vitro N

Reaction conditions were identical to those of Table 14 except that
variable quantities of L-methionine were added to the reaction system

as indicated. Secphadex G-15 desalted cell-free extract was used.
L-methionine ‘ Enzyme activity
(Final concn., mM) (% of control)

0o 100

0.01 102.3
0.05 104.5
0.1 : 65.2
1.0 o 32.6

4

availability of ATP for the 10-formylTHFA synthetase reaction. Reduced
activity of the latter enzyme did not appcar to be borne out by [l4%c]-
formate incorporation studies in methionine-treated carrot slices, as will

be shown in the following section.

4
VIIl. Incorporation of [l%C]Formate in Aerated Carrot Tissue Slices
: p—

Since it has been established in the present work that methionine

-

and GA3 had considerable effect on the biosynthesis of folate derivatives,
further Tnvestigation'toi‘elucidate whether such treatments altered the

ability of the tissue to mctabciize a one-carbon precursor was undertaken.
lncorpération of 1%C from formate was followed into free and protein arino

acids of preaerated carrot slices with attention focussed on amino acids

closely related to Cy metabolism, for example, serine, glycine and

methionine. __w
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After carrot slices were preacrated in the different treatment
solutions, samples of 25 disks were incubated for 1 hr in [*3C] formate.
Extracts were then prepared, separated into constituent actions and the
radiocactivity of each fraction determined (Table 22). A high proportion

of the label (65 to 73%) appeared as l“COZ in each of the treatments.

One of the main features shown in Table 22 is that miaximum
incorporation of‘[I“C]formate into the vari?us fractions occurred after
approximately 36 hr of‘acration'for thé control and the mjthioninc treat-
ment. In GAz-treated disks maximal labelling occurred aftér approximately
24 hr. Considerégly more label appeared in the lipid fraction of GA3-
treated disks than in any of the other treatments. Likewise, GAj-treated
slices showed the highest label in the 6 M amino acidlfraction, indicative |,
of label in SAM. The organic a;ié.f}acfibn éhéwé& most“}?bél‘}n the éoa-
trol. The Iafgest amount of label in the 4 M amino acid fraction appeared

in disks aerated in methionine while disks aerated in GA3 showed the least

incorporation into this fraction of the three treatments.

Labelling of protein amino acids was slightly lower in the GAj3-
treated slices than in the control (Table 23). On a percentége basis,
however, the GAj-treated disks had a higher percent incorporation of 1%

into protein. Methionine-treated disks, on the other hand, showed little °

14¢/ incorporation into protein amino acids. .
. i

Paper chromatégraphy of the labelled free amino acids (Tab]é‘Zh)
sHowed that(}”c was concentrated in only a few of the free amino acids’
present in slices. Serine was the most heavily “abelled amin§ acid i}
the control and GAz-treated disks while methionine was the' most heavily

labelled amino acid in the disks aerated in L-methionine.
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Table 22. Motabolism of [V'C]formaie by preacrated carrot tissuc slices

Carrot disks were precacrated in the three treatment solutions. 25 disks
from euc'. . ration period and treatment were incubated in a closed 25 ml
Warburg flu.k containing 1 pmol [I“C]fprmdtc (2.5 uCi/ymol; piH 5.9) in

4 ml distilled water for 1 hr at 30°

25 disks extiacted.

&

Results are expressed as c.p.m./

544800

Fraction
Time and .
treatment . Amino acids
. Organic
€0, Lipids  Sugars acids b M 6 N
0 hr s
Distilled water : ‘
control 184400 390 5000 . 40200 48100 1700
12 hr
Distilled water . .
control 422000 2800 13200 85600 109000 3900
0.1 mM GAj 436600 2700 11600 t 82000 ‘ 71300 5200
5 mM L-methionine 330300 120 6100 - 48600 226300 6800
24 hr
Distilled water .
control 394700 2600 23000 123000 -~ 102200 4400
0.1 mM GA4 734500 6700 21800 92000 66900 8100
5 mM L-methionine 227400 130 2900 28200 134000 - L4600
36 hr *
Distilled water_ : '
- control - 1005100 1900 5700 130800 126500 5400
0.1 WM GA, 742200 11000 9100 75400 83700 11700
5 mM L-methionine 535500 180 11000 54800 202900 8300
48 hr.
Distilled water . . \ _
control 266300 1300 9800 153300 86600 5400
0.1 mM GA; -527700 12700 13400 70000 72800 10200
5 mM L-methionine 210 17100 51100 175800 4000
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S Table 23. Ineorpovation of [YVe) ormate into various jractions
COLY J J
by cavrot disks acrated for 36 hr o
Y

Incubation conditions identical to those given in Table 22. Results are
expressed as c.p.m./25 disks extracted.

r o -
- Sre

Treatment

Distilled water

v control 0.1 mM GA, 5 mM timethionine
Fraction , g % o
c.p.m. of total c.p.m. of total <c.p.m. of total
o, 1005100 73.3 742200 73.3 535500 65.3
Lipids 1900 Y0 11000 1.1 160 ° 0.02
Sugars 5700 0.4 9100 0.9 11000 1.3
“Organic acids 130800  10.0 75400 7.k 54800 6.7
Amino acids’
4 M 126500 9.3 - 83700 8.2 202900 24.7
6 M 5400 0.4 11700 1.2 8300 1.0
Protein amino _ .
acids _ 89000 6.6 79400 7.8 7200 0.9

Total : 1364400 1012500 819880
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Table 24. Incorporat:m of [Y:] ormee into free wiino etas
B J
by acrated carrot tissue clieds

Incubation conditions identical to those given in Table 22. Results ar-
expressed as c.p.m./25 disks extracted.

A

s

Amino acid

Time and
treatment ’ Asp Ser Glu Gly -. Ala Met
0 hr °

Distilled water :

control 5300 13600 2200 - 800 1500 3300
12 hr
Distilled water _ L

control 3500 33500 4200 ~ 1200 2300 A 4500
0.1 mM GA, 1860 26400 2140 1430 2000 4800
5 mM L-methionine 2650 35600 . 2200 1150 2900 72700
24 hr
Distilled water

control 6900 26600 8100 3700 2700 3300,
0.1 mM GA3 1210 22000 2500 2400 1640 3600
5'mM L-methionine 1000 25400 1930 1400 2280 56200
36 hr
Distilled water

control 5500 QQZOO 8000 2800 3600 3500
0.1 mM GA4 3000 25200 Looo 1600 2120 2900
5 mM L-methionine 2700 33800 3900 2800 2900 95200
48 hr
Distilled water .

control 4300 18100 8600 650 2560 2800
0.1 mM GAg 2040 18200 4300 2200 2850 2300

5 mM L-methionine 1700 31100 2900 © 2500 2600 82400
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Morce detailed dnalysis of the labelled amino a ‘d&, using the
) R A\ S

Bechman amino acid analyzer cquipped with Stre&n?dfyys:on, showed that

most of the neutral and acidic amino aci%§ containcd§§BC to some degrec
itv disks which had been preaerated\fbr 36.5} (Table 25). About 672 of
the total ¢ incorporath into free amino acids was found in serinc in
control and GAj-trcated slices. The remainder of‘thc label appeared in

aspaftate and qlutdmate. Disks aerated in methioninq showed only 3145 of

the 1%C label in serine while methionine accounted for 57% of the 1%C.

When the specific activity of the free amino acids was determined,

it was cleér that aerated slicés in all treatments had an enhanced abi]{ty
’(‘\Wo ;Bcorporate the C; unit from formate (Table 26) . This serves to show

that the major products of metabolism we;é indeed amino acidg closely

related to one-carbon metabolism, namely, methionine, éerine and glycine.

The specific radioactivities of individua{ amino ;cids were not equally’

affected by the treatments. For example, the activity of these three

amino acids was less in the mgthioniné—trcated slfces than in control

slices preaerated for 36 hr. On the other hand, in GAj-treated slices,

the specific acfivity of methionine was considerably higher than found in

s

'

the other treatments.

In the. protein amino acids, from 36 hr aé}ated carrot slices,
the major amino acid labelled in the control and GAj treatment was serine
(Table 27); accountiné for 66 and 7]%‘of the label., respectively. This
was followed by aspartate, having 12 and 13% of the %C in respective
treatments. On the other hand, slices aerated in methioniné showed a
much larger proportion for the label in élycine, const}tuting 29% of the

2

total. This was followed by aspartate (23%) and serine (19%). All of



Incubation conditions -identical to those given in Table 22.
following delailed stream division analysis, are expressed as c.p.m./25
disks' extracted.

Table 25. Incorporation oj‘[luC]jbrmaﬁw"into free amino aclds

by carrot disks acrvated for 36 hy

n.d., not detectable.

Distilled water

Amino acid control
%
c.p.m. of total
Met sulfoxide L4480 3.4
Asp 11930 8.9
Thr 1750 1.3
Ser 88920 £6.8
Glu 16720 12.5
Pro 1220 9
Gly 2660 1.9
Ala 4330 3.3
Cys 300 0.2
Val " n.d. -
Met 840 0.6
e n.d. -
Total 133150

t
!

Results,

94

Treatment

0.1 mM GA, 5 mM L-methionine
% x b
c.p.m. of total ~c.p.m. of total
2580 3.3 530 0.
8210 io.s 12310 6.
1440 1.8 1380 0.
52290 66.9 58600 30.
6990 8.9 4030 2.
2280 2.9 1220 0.6
300 0.4 2050 1.
300 0.4 840 0.
380 0.5 150 0.
1060 1.4 1600 Q.
1750 2.2 109140 sé.
600 0.8 760 0.
78180 191610
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Table 26. Speelfie activity mﬂ(j}mn aminoacids aftor [I‘L]jormatv

feeding o carrgt slices

Freshly-cut or preacrated carrot disks were incubatcd'atcorQing to the
conditions given in Table 22. Results, following detailed stream
division analysis, are expressed as c.p.m./umol amino acid.

Treatment

D

Distilled water control 0.1 mM GA, 5 thL—mcthioninc

Amino acid o -
Hours of aeration.
0 36 ' 36 36
Met sulfoxide N - 11800 5800 1892
Asp , 4310 10230 9720, 8550
S;r : 11530 4146 80 . 19660 17340
Glu 2830 8660 ‘ .5u604v 3990
Gly 19370 44300 "~ 7500 26000
Ala 930 8490 810 . 1020
Met 13330, 84000 175000 ' 32900

the other amino acids sgown were ]abellea, in the three treatments, to
about the same degree. It is clear that the té£al 1he jncofporatea,from
[I“C]formate into the protein amino acids was very IoQ in disks aerated
in methionine. ' _ .

When the Spcéjfic activities of the protein amino acids were
intercompared, it was observed that slices aerated in distilled water and
GAQ-showed a greater incorporation of labelled amino acids into protein

.‘.

(Table 28). .It is interesting to note that, ‘in prederated slices, the

specific activity of the protein amino acids was less in GAz-treated disks



Table 27.

Incubation conditions

L)J [N i

Incorporation Oj [

T dl

identical

36

‘) o date Into protoln amino aclds

e d JL‘)’ MY E

to those given in Table 22. Results,

following detailed stream division analysis, are expressced as c.p.m. /25
n.d.. not -detectable.

disks extractcd

Amino acid

Met sulfoxide
" Asp
Thr

Ser

Pro
Gly
Ala”
Cys
Val
Met
e~

Leu

Total

(2

Treatment

Distilled water

control 0.1 w1 GAx 5 M L-methionine
R z g oY
c.p.m, of total c.p.m. of . total c.p.m. of total
1090 1.6 nad. - - n.d -
7730 11.6° - 6660 13.2 115¢ 23.2
140 0.2 340 0.7 . 90, 1.8
L4210 66.3 - 35570 70.7 960" 19.3
1530 2.3 1070 2.1 400 7.9
140 0.2 270 0.5 50 0.9
3830 2.3 1660 3.3 1410 28.5
700 1.1 840 1.7 50 o.g
750 1.1 590 1.2 200 3.9
300 0.4 340 0.7 150 2.7
5470 8.2 2670 5.3 260+ 4.9
80 0.7 200 - 0.k 170 3.4
230 0.3 70 - 0.1 110 ;, 2.1
66600

"50280 4970




Table 28. Specific activity in protein arino actds after [M%¢] formate
Jeeding of carrot slices )

Freshly-cut or preaerated carrot disks were incubated according to the
conditions given in Table 22. Results, following detailed stream division
analysis, are expressed as c.p.m./umol amino acid,

' "Treatment

bisti]led wate} control 0.1 mM GA- 5 mM L-methionine
Amino acid ,
Hours of aeration
0 36 36 36

Asp 3090 6559 4350 “ 830

Ser 26820 54580 43380 ' 1040

Glu 570 ‘1330 | 890 , 300

Gly 1690 3650 1540 1200

AMa 360 690 g0 50

Met 38230 124300 102600 13300.
than in control di:ks. | e methiOnine-treated slices, hcacrer, show;d
values that were ¢ wisge tly lower. Methionine, an end ... duct of Ci
métabo]ism, showed ti- ' ¢nest specific actiyity in-all cases.

3 4



DISCUSSION

J

I. Preliminary Considerations of Tissue, Composition and Changes Occurring

during Aeration ' '

'
-

In-studies which involve large quantities of plant tissue over
extended periods, as in this particular inQestigation, a major prerequisite
for critical work {s that a uniform source of tissue must be maintaincd.
Aging of storage tissue disks, related measurements of respiration and
changipg constituents have, in the past, been generally made using material
which has been 'purchased locally'. In the present work, attention was
paid not only ‘to possible variation of such tissues but s tandardization

was sought towards uniformity of material, aeration technique and control

of bacterial contamination.

~To facilitate comparison of published data on storage tissue
disks with results to be gained regarding one-carbon ;etabolism of such
a system, the choice of tissue was also of some importance. Carrot tissues
have not only béen used extensively, but-slices of uniform size (1 mm x
9 mm) are-easy to prepare in bulk. Furthermore, if aseptic conditions are
employed during slicing, carrot tissues appear to be less susceptible to
bacterfal contamination than other common storage tissues (Cossins and
Blawacky, unpublished data). Of further advantage, carrot slices do —ot

show meristematic activity during aeration (MacDonald et al., 1961) & d
slices thicker than 0.55 mm do not initiate vessel element formation
(Mizuno et al., 1971). For these reasons, it was rational to -conclude

that minimal growth, differentiation and.bacterial contamination would

occur during aeration of carrot slices for 48 hr. At the same time this

98
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higher plant system, being relatively simple physiologically, had
potential for studies of €} metabalism with the case of handling and

manipulation approaching that of microbial systems.

Since the major emphasis in this work was a study of folate
synthesis and its bo;sibic regulation, it was important initially to
determine the extent of baéterial contamination during aeration and to
control it. Bacteria, having capacities for C; metabolism far exceeding
those of plant tissues, could clearly contribute folate derivatives to
plant tissue extracts in undetermined amounts. A second factor that had
to be considered was possible use of bacteriostatic\compounds. These
were not employed in this study becau§e QF possible inferference in the
growth response of the assay organisms QSed in the analysis of folates.
Thirdly, the common bacteriostat, chloramphenico], although used by Leaver
and Edelman (1965b), has more recently been shown to have adverse effects
on this system, causing depression of cell expansion (Setterfield, 1970),
inhigition of protein synthesis (Jacoby and Sutcliffe, 1962; Ap Rees and
Bryant, 1971), inhibition of RNA synthesis and respiration (Bryant and
Ap Rees, 1971). Clearly, to avoid or mﬁnimize the external factors inter-
fering with the metabolic processes enhanced by aeration, aseptic treatment

of the slices was the most logical approach.

Routine employment of aseptic techniques and microporous filter-
ing of ¢ "utions combined with frequent media changes decreased bacterial
counts (Table 2) tp values lower than those observed in previous studies
of storage tissue disks (Edelman and Hall, 1965; Reed and Kolattukudy,ﬂ
1966). In this regard, it was found that coapounds, such as methionine}\

ethionine and GAj, added to the aerating solutions were a major source
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of the contaminating bacteria and it would therefore appear that micro-
porous filtering or sterilization should be a standard prercquisite in

the handling of <uch experimental systems.

Periods of cold storage drastically changed the amino acid
composition of harvested carrots (Table 3). Clearly, the response to
aeration of tissues stored under unspecified conditions would obviously
be affected. This aspect was assessed by observing the respiration of
three different groups of carrot slices; greenhouse-grown either fresh
or storéd and those 'locally purchased'. Fig. 3 indicates that basal
respiration of carrot slices varies with the tissue source; This rate
is known to be dependent, to a degree, on maturity as well as storage.
For example, Rosenstock et al. (1971) observed high respiration rates in
sljces cut from young potato tubers but lower rates when mature tubers
were used. " These workers also observed that the respiration actually
dgc]ined upon aeration of the younger slices, therefgre, the respiration
curve of the fresh greenhouse materiél (Fig. 3) may-in part be due to the
age of this particular material. . Disks cut from greenhouse-grown carrots
stored for 2 months at 4°C gave a basal respiration rate similar to that
of the locally pﬁrchased carrots (Fig. 3).  This value, 88 ul 0, con-
sumed/g fresh wt., was intermediate.to values previously reported‘for'
freghly éut carrot disks, e.g., 48 nl 02/g fresh wt./hr (Goh and Wfskicﬁ,

1967) and 108 pl 0,/g fresh wt./hr (Ap Rees and Royston, i971).

After 24 hr of aeration the respiration rate of carrot slices
has been shown to increase by as much as 100% (Adams and Rowan, 1970) and
~as little as 35% by Ap Rees and Royston (1971). Fig. 3 shows that an 88%

increase in respiration rate was observed in 'locally purchased' carrot
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tissue slices whereas only an 11% incrcasce was observed in a 24 hr acration

period for sliccgicut from greenhouse grown and stored material. From

this study and from the valucs given in the literature, it is clear that

the locally bought carrot tissues vary widely with rcspéct to respiratory

rates. Considerable variations in respiration rate even occur in diffcrcn£
'

mature roots of a single cultivar (Adams, 1970b). Such variation has been
o

ascribed to differences in the endogenous levels of ADP.

Respiration rates on a per gram fresh wt. basis are also known
to be affected by slice thickness. For example, in potato slices, Davies
(1960) found rates to be inversely proportional to slice thickness up to
3.0 mm. For these reasons, slices of uniform thickness were uscd in the

present work,

The decline in respirétory rate which immediately followed
slicing (Fig. .3; LA, B) has been reported by Adams (1970a) but not by
other workers in this field. Although this phenomenon has, soAfar, not

been explained satisfactorily, it may be related to ADP/ATP ratios which

are known to change dramatically as mitochondrial numbers increase (Verleur

’

et al., 1970). !

\

1

Unlike thnip storage disks (Davies, 1966), methionine did not
inhibit respiratfon of the carrot slices used in this study (Fig. 4A).
Progressive inhibition was observed, however, in thelpresence of L-ethionine
(Fig. 4B), an observation also made by Atkinson ana Polya (1968), indicating

that sensitivity to this methionine analogue developed as aeration progressed.

Slices aerated in GAj showed an enhanced respiration rate of

about 15% over the control (Fig. 4A). This rise was higher than that
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observed in Palmer's (1966)\study of beet disks where 0.1 to 0.0l mM GA,
enhanccd'rcspiration'by approximately 7%. Since increcased respiration
would concecivably be.dependent upon synthesis of RNA and protein (Ap Rees
and Royston, 1971), these enhanced rates may be interpreted as evidence
for not only the synthesis of protein occurring during aeration but also
a stimulation of such synthesis by GAj. |

: >
In the analysis of free amino acids; serine, atanine, glutamate

and aspartate accounted for the major part of frce amino acid pool in the
tissue initially (Table 3). These resutts are consistent with those of
Alabrén and Mabrouk (1973) but are not in agrecment with those of Otsuka
and Tak (1969) or Bourke et al. (1967). The lattér two groups found
substantial quantities of threonine and valine‘and éccreased amounts of
aspartate. Total free amino acid content of carrot fn this study was,
furthermore, found to vary betweeﬁ 38 umol/g fresh wt. (Tables 3 and 4)
and 17 umol/g fresh wt. (Table 7), values which are 5 to 10 timés higher
than those reported for carrot tis;ue by Bourke et al. (1967). Such
differences are, on the whole, greater than those expected from variation

in variety, climate, soil fertilization, cultivation, harvesttng and

storage effects as claimed by Alabran and Mabrouk (1973). In support of

this contention, Lee (1973) showed thag\ghly a two-fold increase in free

amino acids of beetroot tissue after.appl;zétlgf of more than recommended
amounts of nitrate fertilizer could be expected.\.Table 3 also shows that
the total free amino acids increased by 360% iﬁ éarrots stored 6 months.
Proline and methioniné appeared where these had been lacking jinitially.
This indicates, then, that protein degradagion may be occurring and

further that such degradation may be partially responsible for the large

release of amino acids during storage. Since the initial amino acid
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estimation was made on carrot tissuc already étorcd for 2 months, it is
quite possible that the greater quantity of total free amino acids
observéd in this study in comparison with the quantity observed by
Bourke et al. (1967), who used locally purchased material, may be due

Lo protein degradation already begun.

During aeration of carrot disks, fhe free amino acid levels
declined (Tables 4, 6, 7), the sbecific activifies of key enzyhes of (4
metabolism infrcased (Tables 11-14), the concentration of folate deriva-
tives increased (Fig. 6, Table 10) and the levels of protein amino acids
rose (Table 4). Depletion of the free amino\acid pools during aeration
was not‘enﬁire]y accouﬁted for by incregses in the protein amino acids
(Table ). A small part of the difference could, however, be accounted
for by aﬁino acids lost to the aerating solution (Table 5). Although no
previous reports of depletion of amino acid pools in aerated carrot slices
have . cen ﬁade, it is characteristic of other species-(e.g., MacDonald

et al., 1961; Thurman et al., 1963) where an accompanying increase in

protein syntho: 0CTHIS . !

»_in the . oric, zynthesis of new protein'during aeration
was indicated by i sed pools of the protéin amino acids (Tables &,
8) and by the i creo- - ~tx of water luble protein extracted from
aerated slices (Table . “hc ' be not.d that the increases in soluble
protein shown b slic.c ¢ wi.  ~thic e and ethionine (Table 9)
appear to be contrary to t 77 e of Trew-vas (1972) and Stekol (1963)
‘who suggested that these (.o cc “ds ir ‘bit'd protein synthesis in higher‘
plant tissue. This data (Table 9) ‘s furt - cont-adicted by the fact that,

during aeration of carrot slices in me.iionine followed by [1YC]formate
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feeding, little 14C appeared in protein amino ?cids of this treatment as
compared to the distil]éd water control (Tablel27). , It must be remembered,
however, that tofal free amino acids decreased ddring the aeration of
slices in methionine (Table 7). Further investigation will be necessary

to clqrify the possible effect of methionine on protein synthesis in this

system.

ll. Folate Synthesis during Aeration of Carrot Tissue Slices

A]thougﬁ estimates of folic acid cquivalents have previously
been made in ca}rot tissues (Toepfer et al., 1951), the present investiga-
;ion is the first to identify the individual derivatives in carrot tissue
and to study enzymes associated with their synthesis and interconversion.
In agreement with previous reports on fbléte derivatives in higher plant
tissues (e.g., Santini et al., 1964; Batra et al., 1973;. Cossins and Shah,
I9Z2; Chan et ql., 1973) the major derivative found in carrot’tissue was
5-CH3~THFA; representing about $1% of the mono and diglutamate forms or
'free' folateg present (Fig. 5, Tab]e‘lo). Alsé present in the tissue
were lesser amounts of IO—HFO—THFA mono and digluta@ates. During aeration
these derivatives, partiéularly 5-CH3-THFA, increased. Depletion of the
'free' pool of folate derivatives was observed only in disks aerated in
the prescnce of aminopterin. Judg%ng from the rapid depletion of deriva-

tives in this treatment, it can be concluded that an active turnover of

5-CH3-THFA must occur during aeration.

When the effect of exogenous L-methionine on carrot folates is
considered (Fig. 6, Table 10), it is clear that this system is unlike
yeast (Lor and CosSins, 1972) or rat liver (Buehring et al., 1972). Instead

of L-methionine causing a depletion of the 5-CH;-THFA pool, an extensive

/7
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accumulation was observed (Table 10; Fig. 6 and 7). Since methionine is
known to repress methionine adenosyl transferase in“yeast (Ferro and
Spence, 1973) as well as cnzymes responsible for synthesis of homocystciné,
it is pos;ible that the methionine-treated disks accumulated 5-CH3~THFA

for the followfng main reasons: (a) methionine is not extensively converted
to SAM becauselthe necessary enzyme may be repressed, hence an accumulation
pf 5-CH3~THFA would resﬁlt, and (b) a lack of available homocysteine as an
acceptor for the methyl group of‘S-CH3rTHFA may limit its utilization.

The latter propésa] was impfied as a possible explanation for increased
methylated deriQatives observed in.rust uredospores (Jackson et al., 1970).
Certainly the synthesis of methionine would not be controlled solely by
5-CH3~fHFA:50m0cysteine transmethylase as this enzyme was neither repressed

(Table 12) nor inhibited (Table 17) to any degree by L-methionine, the

end product of this reaction.

Although Toepfer et ai. (1951) and Freed (1966) have publiSheg
folate data for fresh carrot tissue, it should be poimted out that the
analysis actually failed to yield as much information ‘as claimea. For

' exampgg, assays with S. faecalis were designated 'free folates', while
assa;);ith L. casei gave values termed 'total folates}. Sinée S. faeecalis
does not respond to methylated derivatives (Blakley, ]969)1it is incorrect
to consider such results 'free folates' when in rea]itf this term.in;]udes
all derivatives which are not conjugated. Comparatively speakith the
present fnvestigation showed 6.2 ng/g fresh wt. folic acid equivalents in
freshly sliced carrot tissue (Fig. 9) as assayed by S. fbecalié whereas

Toepfer et al. (1951) repérted'values in the range of 13-49 ng/g fresh wt.

The present study also found 42.1 ng/g fresh wt. folic acid equivalents
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in freshly sliced carrot tissue (Fig. 8) using L. casci compared to L6-76
ng/g fresh wt. as reported by Toepfer ct al. (]9Sf). Obviously a good
deal of variability is possible between tissues and methods. More important,
however, Fig. 8 and 9 demonstrate that a.major proportion of the folate
derivatives (75%) in carrot tissue exist as polyglutamates. This propor-

v

tion was essentially maintained when carrot slices were aerated in dis-

tiltled water.

In general, synthesis of conjugated and unconjugated fo]ates‘
occurred in all treatments during aeration of carrof slices (Fig. 81and 9).
This had not previously been studied in aerated storage tissue disks‘of
any’gpecies but such a rapid increase in folate concentration must be

related to the increases in protein synthesis, enzyme activity and respira-

tion that occur during aeration.”
)

The ?igher levels of 'free' folates observed in GA3, methionine
and ethionine-treated slices (Fig. 8, before conjugase treatments) agree
with elé;ated quantities of derivatiyes observed in detailed column
chromatographic analysis (Fig. 7,_Tab1e 10). In L-methionine-treated
disks (Fig. 8), however, the levels after conjugase treatment are similar
after the 36 and 48 hr :rztion periods, although an increase in 'free!
folates (before conjugase treatment) occurred. Since it has been sugges ted
‘that glutamyl fesidues may be added prior ‘to formation of the S-CH;-THFA
derivative (Sengupta and Cossins, ]97]5, these results may indicate an
increaséd carboxypeptidase activity cleaving the polyg]utamate\resefve
rather than an increase in the synthesis of 5-CH3-THFA monoglutamate.‘

This aspect remains to be investigated.



107 .

Fig. 9 shows "that 6.2 ng/g fresh wt. foiic acid equivalents
(assayed by S. faccalis) rcpresented esscntia]ly.formy]ated d;?ivatives.
" This figure compared'Favorgbry with the figure of 6.77 ng/g fresh wt.
obtained by column chroﬁatbgraphy (Table 10). Such a close correlation
verifies fhat, in carrot slices, fo?mylgted derivatives existed mainly in
the N10 position and little, if any, were to be found in the 1'% position.
This was further substantiated by the fact that P. cerivistiac failed to

respond when used to assay fractions 60-68 (Fig. 5), a position in the

elution sequence ch;,hcteristic of N°-formylTHFA (Roos and Cossins, 1971).

After conjugase treatment of the zero-time control extract, 25%
of the téta] fdlateé were found to be formyl derivatives (compére Fig. 8
and 9). Aeration inéreased the total folate level considerably by L8 hr
(Fig. 9) but the proportion of }ormyl derivatives'remained the same
indicating a continuity of the derivatives with respect to substitution.
The results for the methionjne-treafed disks wére différent? however, in
that after 48 hr of aeration 59% of the polyglutamates were formylated.
Such elevated levels in 10-HCO-THFA polyglutamates were shown to occur in
rat liver slices treated with L-methionine (Buehring et al.,'1972). While
carrot slices show a similarity in this respect to such treatment, they
differ markedly from rat liver in their ability to accumulate large

quantities of 5-CH3-THFA (Table 10) whereas depletion occurs in liver

tissue.

o

I11. Regulation of C; Metabolism and Related Enzyme Studies

The presence of an active Cy; metabolism.in aerated carrot disks

was verified by the presence and subsequent increased activity of the

-

fq]]owing key enzymes: 5,10-methyleneTHFA reductase, S5-methylTHFA:
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homocysteine transmethylase, serine hydroxymethyltransferase and 10~formyl-
THFA synthetase (Tables li*lh). Such increased activity is consistent

with increased synthesis of 5—CH3—THFA and 10-HCO-THFA observed in this
system (Fig. 7, Table 10). Furthermorc, Mcorporation of %C from [1"C]-
formaté\leading to high specific activitie§ in methionine, serine énd to

a lesser extent glycine, particularly after aeration of the disks (Table 26),
is indicative of the extent to which enzyme activation occurrcd in séme of,

the treatments (e.g., distilled water, GA3, L-methionine).

On the basis of results presented in this thesis, it is reason-
able to propose a scheme representing possible control mechanisms in the
carrot slice system which could regulate the flow of one-carbon units

through' these folate-mediated pathways (Fig. 10).

Regulation of methyl group biogehesis appears to centre on
5,10-CH, ~THFA reductase and S\CH3~THFA;homocysteine transhethylase, two
key enzymes most subject to control, particularly by L-methionine (e.g.,
Blakley, 1969; Silber andAMansouri,-l97?). In the carrot system, some
inhibition of the reductase was observed at low concentrations of
L-methionine. Sim?lar results have been observed in yeast (Combenine
et al., 1971) but‘higher'plant tissues such-as pea c@tyledons and root
tips do not appear to control this enzyme through methionine inhibition
(Cossins ¢t al., 1972). While the 5-CH3-~THFA:homocysteine transmethylase
in carrot tissue slices was inhibited to a small degree at relatively
high concentratiéns of L-methionine, other systems such as yeast (Lor and
Cossins, 1972), E. coli (Dawes and(;oster, 1971) and chicken liver slices

(Silber and Mansouri, 1971) regulate this enzyme by repression. Some

higher plant tissues such as pea cotyledons and root tips appear to employ
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methionine inhibition as a control mechanism (Dodd and Cossins, 1970;

Cossins et ql., 1972; Clandinin and Cossins, 1975). Such differences in
the regulation of these two cnzymes in different plant systems Serve to
emphasize tbe variability which exi;ts in the mechanisms for control of

methyl group synthesis.

Although the specific activity of serine hydroxymethyltransferase
inrnrased in carrot slices aerated in L-methionine, no other effects of
me. . .onine were noted. This amino acid is known to exert a regulatory
role by causing reﬁression of this enzyme in £. coli (Nakamuyra ct al.,

1973) and by inhibition of its activity in yeast (Botsford and Parks, 1969).
These regulatory mechanismsthave not yet been ‘found in higher Plant tissues

(Cossins et al., 1972).

Partial iphibition of 10~-HCO-THFA synthetase of yeaSt extracts
by L-methionine has beén observed recently (Lor and Cossins, 1972). A
similar type of regulation could possibly operate in carrot tissue slices.
However, untij further clarification is made of possible competition between
SAM synthetase and 10-HCO-THFA synthetase for = .ii able ATP in the assay,

the apparent ‘inhibition by L-methionine observed in the present investi-

gation cannot really be adequately assessed (Table 21).

The apparent lack of strong repression or end-product inhibition
by L—methiqnine raises the possibility that enzymes of C; metabolism in
aerated carrot tissue disks may be alternatively controlled by intermediates
along metabolic pathways leading away from the C; units p;oduced directly
by these enzymes. The role of GA3 in enhancing the activity of the four
enzymes studied is most likely an indirect effect but one worthy of

further elucidation. Effects of nucleotides, ATP, glycine, sefine and



SAM on these enzymes would certainly be worthy of close study as would
the possible regulation of homocysteine biosynthesis in this system where

.the rates of methyl group synthesis and utilization must be very dynamic.

IV.  Incorporation of [1”C]ﬂormatc by Aeratced Carrot Tissue Slices
#

Feeding [1"%C]formate to carrot.ti55ue slices in an attempt to
follow the flow of carbon through the C; pathway yielded much interesting
information. Over 65-75% of the 1%C incorporated during .the 1 hr feeding
period was recovered as l“COQ (Table 22). This agrees favoFab]y with
eaflier data of Cossins and Sinha (1965) where an extensivekdécarboxylation
of formate by freshly-cut carrot slices was noted. |In the present study;
however, more label appeared in the organic fra;tions (Table 22) than was
previously observed. Disks that had been aerated for 36 hr prior to
incybafion with [1%C]formate showed a greager capacity to incorporate 1Y%¢C
into the organic acids and C0,. These substantial incorporations are
I}kely due to formate déhydrogenase activity (Cossins and Sinha, 1965)
together with some refixation of I“CQZ; primarily into orgénic_acids
(Splittstoesser, 1966; Splittstoessef and Mazelis, 1967). A portion of
‘he formate metabolized abbeared to be incorporated into the;one-carbon
pool via 10-formylTHFA synthetase. Such !%C would tend to enter the.
pools of serine and methionine (Cossins and Sinha, 1965) by pathways

\

established some time ago in pigeon liver extracts by Kisliuk and Sakami

(1954) .

In these respects the'fiﬁdings_of the present investigation are
in close agreement with related research of other systems. For"example,
Tolbert (1955); in feeding [1%C]formate to darkened barley leaves, noted
that the label appeared in the B8-carbon of serine. In a similar study,

N
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)

glutamate and scrine, but not glycine were labelled .after [1%C]formate
feeding to darkencd wheat leaves (Bowman and.Rohringér, 1970). Likewise,
Zemlyanukhin et aZ. (1972) found that [1"C]formate fed to corn leaves
yielded 1'*(302 which was refixed into oxaloacetate and finally gave rise
to labelled aspartate, glutamate as wefT\Qf scrine-B-IQC, the latter

formed presumably from labelled me thyleneTHFA.

In Lor and Cossins' (1972) work, yeast cells supplied ['H4C]-
formate synthesized labelled serine and cells cultured in an L-methioninc
medium, although showing a lower capacity to incorporate 1%C into other
amino acids, converted more formate into serine and the adenosyl moiety A//
of SAM. In the present'investigation, carrot slices aerated in methionine
a}so showed a greater capacity for incorporation of 1%C into SAM (6 M
fréction, Table 23) but contrary to the behavior of yeast, a considerable

amount of label appeared in methionine (Table 2k, 25).

In a 3.hr feeding of ['%C]formate to freshly-cut carrot slices,

“~sins and Sinha (1965) ?bserved that -75% of the 1%C in the total free
amino acid fraction was in serine and 16% was in methionine and its
sulfoxide. In the present investigation, 67% of the label in : ‘ree
amino acids was in serine (Table 25) for 36 hr aerated slices; lz.éz;of
the label was in glutamaté and 8.9% im aspartate. A similar incorporatfon
occurred in GAgz-agerated slices. On a total radioactivity basis, about
the same number of counts may be observed in serine in methionine-treated
slices as in the control, however, on a comparatiye basis, only 30.6% of
the label incorporated during the feeding is as serine while the major
portion (56.9%) is as methionine. Apparently the ;ccumulation of
methionine in the disks al;o acts as a trap for the radioactivity; sub-

sequently, dilution of the specific activity resulted (Table 26).

»



113

GA3 added to the medium of aerated carrot tissuec slices, may be
capable of increasing the methylation occurring in the tissue as suggested
By King and Chapman (1973). This would then lead to increased amino écid
acéeptor capacity. Detailed analysis of free amino acids in GA3-treated
disks indicated their more extensive utilization in carrotis]ices.given
this treatment (Table 7). Residue analysis after [1"C]formate feeding
indicated a more active incorporation of labeli.d amino acids into protein
as evidenced by the higher percentage of label incorporated into residue

as compared to the control (Table 23).

Detailed analysis of the protein amino acids after formate
feeding of 36 hr aerated slices showed that the label apéeared mostly %n
serinc and aspartate in the control and GAz-treated disks but in methionine-
treated tissue, the label apéeared mostly as glycine, aspartate and serine.
Why methionine-treated slices showed so little label in protein amino acids
and such a large accumulation of label in methionine is a question that

warrants further study.

After [1"C]formate feeding, analysis of both free and protein
amino acids showed a high specific activity occurring in methionine
(Tables 26, 28) in all three treatments.. The highest specific activity
in free methionine was found in GAz-treated slices indicating that a

I\

stimulation of the synthesis of Cj units to meet increased catabolic

demands outlined in Fig. 1 was induced by GA3 treatment of this system.

’

V. Concluding Remarks

-

The results of the present investigation have shown that aerated

carrot tissue slices possess the necessary enzymes for extensive C
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metabolism. Increases in folate concentration, primarily 5-CH3-THFA,
occurring during the aeration period arc undoubtedly related to an
b .

activation or syﬁthcsis'of these enzymes.

Unlike the situation prevailing in microorganisms and animal
tissues, exogenous methionine dbes_not appear to play a vital role in
regulating the biogenesis and utilization of methyl groups from the tetra-
hydrofolate pool. This amino acid is found in very low quantities in
freshly sliced as well as aerated carrot disks, hence it is unlikely that

the concentration in the tissue attains the levels where regulatory

properties occur as observed in this study.

The large and rapid increases in folate derivatives found to
occur during geration, particularly in GAz~treated disks, may be inter-
related to enhanced methylation and nucleic acid synthesis which would
result in routing metiyf groups to meet these additional requirements.
The enhanced enzymic activity observed could serve such a function but

how and where GAj asserts its action remains to be investigated.

There is every indication from the evidence presented regarding
the activation of enzymes of metasolism, the rapid depletion or accumuia—
tion of 5~CH3~THFA and the incorporation of label from [1%C]formate into
sérine_or‘metﬁionine, that an active turnover of methyl groups occurs
during aeration of these tissue slices. The rate of such turnover by the
treatments used in this study could be determined by providing any of
several labelled C; donors followed by the examination of radioactivity

appearing in various cellular fractions.
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