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Abstract—Aeration of carrot storage tissue disks in water was accompanied by net folate synthesis and by changes
in the specific activities of key folate-dependent enzymes. Disks aerated in 0.1 mM gibberellic acid (GA;) for
48 hr contained higher concentrations of methyltetrahydrofolates but aeration in 5 mM L-methionine reduced net
folate synthesis. Gibberellic acid also increased the specific activities of 5,10-methylenetetrahydrofolate reductase
(E.C. 1.1.1.68), serine hydroxymethyltransferase (E.C. 2.1.2.1) and S-methyltetrahydrofolate: homocysteine trans-
methylase. The levels of these enzymes in disks aerated in L-methionine (5 mM) were comparable or slightly higher
than those of disks aerated in water. Activity of the reductase and 10-formyltetrahydrofolate synthetase (E.C. 6.3.4.3)
was inhibited by L-methionine in vitro. Aeration increased ability to incorporate formate [14C] into serine, glycine
and methionine. Disks aerated for 36 hr in 0.1 mM GA, incorporated greater amounts of !*C into free methionine
but those aerated in L-methionine (5 mM) had less ability to metabolize formate and the specific radioactivities

of free glycine, serine and methionine were low.

INTRODUCTION

Acration of storage tissue disks is accompanied by rapid
changes in several physiological and biochemical pro-
cesses [1-7]. Recently we have reported [8] that these
include synthesis of metabolically important folate deri-
vatives. In carrot disks, aeration increased synthesis of
methyl- and formyltetrahydrofolates as well as the speci-
fic activities of key enzymes for production and intercon-
version of C, units [8]. It was suggested that synthesis
and turnover of methylfolates in this system was related
to an observed net synthesis of methionine. In this con-
nection, C, units appeared to arise principally from ser-
ine (Scheme 1, reaction 2). However, the presence of rela-
tively high levels of 10-formyltetrahydrofolate synthetase
suggests that C, units may be synthesized at the formyl
level of oxidation (Scheme 1, reaction 1). We have now
assessed the importance of this reaction by pulse feeding
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formate [14C] to carrot disks undergoing aeration in
sterile water.

In animal tissues and several microbial species,
L-methionine controls the flow of C, units through meth-
ylfolate [9-11]. In contrast, there is little information
on the regulation of C, metabolism in higher plants
apart from observations [12,13] that L-methionine in-
hibits 5-methyltetrahydrofolate:homocysteine transmeth-
ylase activity (Scheme 1, reaction 4). To determine
whether folate metabolism in carrot disks is regulated
by methionine we have now examined the effects of this
amino acid on (a) net folate synthesis, (b) the flow of
formate carbon to methionine and (c) the activities of
four folate-dependent enzymes.

Gibberellic acid (GA ;) is known to enhance the incor-
poration of nucleic acids into DNA in artichoke disks
[6] and increases methylation of RNA in the barley
aleurone system [14]. In this latter system, GA; clearly
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Scheme 1. Production and interconversion of metabolically important folates.

* The abbreviations used for derivatives of pteroylglutamic
acid are those suggested by the IUPAC-IUB Commission as
listed in (1967) Biochem. J. 102, 15, e.g. 5-Me-H,PteGlu = N°-
methyltetrahydropteroyhnonoglutamate

+ Present address: Department of Food Science, University
of Alberta, Edmonton, Canada T6G 2E9.
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increases the activity of tRNA methylase [15]. As
aeration of storage tissue disks is accompanied by syn-
thesis of gibberellins [16] and by methylation of tRNA
[17,18] it follows that addition of GA; to the aeration
medium may have pronounced effects on the biosyn-
thesis of methylfolates.
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The present paper shows ‘that aeration of carrot disks
increased their abillity to incorporate formate [*4C] into
serine and methionine. Aeration in the presence of
L-methionine and GA; respectively, affected C, metabo-
lism by changing folate pool size, the activities of certain
folate-dependent enzymes, and the ability to incorporate
formate [**C] into free and protein methionine.

RESULTS

Total folate contents were determined during a 48 hr
aeration period in water, 0.1 mM GA; and 5 mM
t-methionine, respectively, as summarized in Fig. 1.
Greatest net folate synthesis occurred in GA;-treated
disks which had been aecrated for 48 hr. For example,
such disks contained 550 ng PteGlu equivalents/g fr. wt
compared to the 405ng/g fr. wt of the water controls.
In contrast, disks aerated in L-methionine solution had
maximal levels of 365ng/g fr. wi. The nature of these
folates was examined by y-glutamylcarboxypeptidase
treatment and differential microbiological assay. This
revealed (Fig. 1) that treatment with GA; and r-meth-
ionine affected the levels of polyglutamyl folates and
changed the proportions of methyl and formyl deriva-
tives. In this respect, GA, increased the levels of Me-
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Fig. 1. Effect of treatment and aeration on folate levels in
carrot disks. Disks (1 x 9 mm) were aerated in water {control),
GA; and L-methionine as indicated. Extracts were prepared
and assayed using L. casei and §. faecalis. Polyglutamyl folates
were assayed after y-glutamylcarboxypeptidase treatment. [J,
Total folates after y-glutamylcarboxypeptidase treatment; M,
formyl mono- and diglutamy! folates; B, methyl mono- and
diglutamyl folates; &, formyl polyglutamates; E3, methyl
polyglutamates. Data represents the mean of two separate
determinations.
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Table 1. Effect of acration on key enzymes of folate metabo-
lism of treated carrot disks

Time of aeration {hr)

Enzyme and treatment 0 12 24 36 48
10-Formylteirahydrofolate synthetase
Water control 918 1300 1460 1550 1850
0.1 mM GA, 1240 1310 3630 1900
5.0 mM r-methionine 1210 1300 1150 970
Serine hydroxymethyltransferase
Water control 098 199 163 1.66 193
01 mM GA, 219 285 230 3.6
50 mM i-methionine 200 197 1.65 1.65
Mzthylenetetrahydrofolate reductase
Water control 1.38 319 2.69 137 0.74
01 mM GA, 376 278 241 1.22
5.0 mM L-methionme 2.7 244 2,50 212
Methyltetrahydrofolate homocysteine
transmethylase®
Water control 1582 149 202 132 65
0.1 mM GA; 256 28% 428 215
50 mM L-methiomne 160 197 228 247

* Expressed as pmol product formed/hr/mg protein at 30°.
All other enzyme activities are expressed as nmol product
formed/hr/mg protein at 30°. All assays were performed in
duplicate and results are expressed as the mean.

H,4PteGlu,, in disks aerated for 48 hr and raised the levels
of ‘Me-H,PteGlu throughout the aeration period. As a
result the total levels of methylfolates in GA;-treated
disks were some 45%; higher than those of the controls.
Greater levels of conjugated formylfolates were also pres-
ent in GA;-treated disks especially during the early
stages of aeration.

L-methionine also affected the proportion of formyl
and methyl derivatives in the folate pool {Fig. 1). Com-
pared to the controls, such disks contained less conju-
gated methylfolates, particularly after 12 and 24 hr, but
tended to accumulate greater amounts of Me-H,PteGlu.
As a result the total methylfolate concentration after
48 hr was decreased by ca 8% compared to the controls.
Methionine-treated disks also contained greater concen-
trations of formyl polyglutamates during the first 36 hr
of aeration.

Aeration in GA; and L-methionine also affected the
levels of key folate-dependent enzymes (Table 1). In the
control disks, the specific activity. of 10-formyltetrahydro-
folate synthetase rose with aeration. Treatment with GA,
did not alter this trend but aeration in L-methionine gave
lower specific activities and these declined as the aeration
period was extended. Serine hydroxymethyltransferase,
which also mediates synthesis of C, units, was increased
by aeration and highest levels were achieved by GA,-
treated disks. However, methionine did not alter the
levels of this transferase. The levels of methylenetetrahyd-
rofolate reductase, a key enzyme in methylfolate syn-
thesis (Scheme 1, reaction 3) rose in all three treatments
during the initial stages of aeration and then declined.
Highest reductase levels were found in GA;-treated disks
and the subsequent decline was less. Methionine-treated
disks contained relatively high levels of this reductase
throughout the aeration period. In the controls, the
transmethylase, catalyzing methionine synthesis, was
most active after 24 hr of aeration but GA ;-treated disks
had greatest enzyme activity and this was maximal after
aeration for 36 hr. In the presence of L-methionine, trans-
methylase activities rose throughout the aeration period
and were, generally higher than those of the controls.

Methionine did not drastically reduce production of
the reductase or transmethylase (Table 1) although such
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Fig. 2. Effect of L-methionine on the activity of folate-depen-
dent enzymes. Disks were aerated in water for periods suffi-
cient to reach maximal specific enzyme activities; 12hr for
5,10-methylenetetrahydrofolate reductase (@) and 10-formylte-
trahydrofolate synthetase (A); 24 hr for 5-methyltetrahydrofo-
late: homocysteine transmethylase (O) and serine hydroxy-
methyltransferase (A). L-methionine was added to the standard
reaction system prior to addition of L-serine-[3-14C]. Data
represent the mean of two separate determinations.

repression is common in microorganisms and animal
tissues [10,11,19-21]. To determine whether this amino
acid might inhibit enzyme activity in vitro, extracts were
prepared from disks aerated in water. After gel filtration,
enzyme activities were determined as shown in Fig. 2.
Additions of methionine did not inhibit serine hydroxy-
methyltransferase activity. However, inhibition of the
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other folate-dependent enzymes was apparent. Methyl-
enetetrahydrofolate reductase was most sensitive in this
respect; at 10 yM L-methionine more than 30% inhibi-
tion occurred. At higher concentrations (I mM) the syn-
thetase was inhibited by ca 70%,. Unlike the homocys-
teine transmethylase of pea seedlings [12], the enzyme
of carrot disks was not appreciably inhibited at physiolo-
gical concentrations of methionine.

In some species methyl group biogenesis within the
folate pool is regulated by S-adenosylmethionine [9]
which strongly inhibits methylenetetrahydrofolate reduc-
tase activity. The reductase of carrot disks was not, how-
ever, inhibited when increasing concentrations (up to 5
mM) of S-adenosylmethionine were added to the reac-
tion system.

As GA; and methionine altered the concentration of
folates and related enzymes, it follows that these treat-
ments should affect the flow of C, units within the folate
pool. To examine this, treated disks were examined for
ability to incorporate formate [**C] into amino acids
related to C; metabolism. This was found in both freshly
cut and aerated disks but maximal incorporations "
occurred after aeration for 36 hr (Table 2). Aeration also
enhanced, by ca 3-fold, the labelling of other products.
CO, was the chief product but methionine-treated disks
metabolized less formate than those acrated in water or
GAs.

Analysis of the free protein amino acid fractions (Table
3) showed that the methionine and GA,; treatments
altered the specific radioactivities of acids related to C,

_metabolism. Aeration increased the labelling of serine,

Table 2. Incorporation of formate [1@ by freshly cut and aerated carrot tissue disks

Disks aerated for 36 hr in

Water
Freshly cut disks {control) 0.1 mM GA, 5 mM i1-methionine
% % % Z
Fraction cpm of total cpm of total cpm of to cpm of total
co, 184000 61.9 1010000 73.3 742000 733 536000 65.3
Lipids 390 0.1 1900 0.1 11000 1.1 180 0.02
Sugars 5000 17 5700 04 9100 09 11000 13
Orgame acids 40200 13.5 131000 100 75400 74 54800 67
Amuno acids
Free 49800 16.8 132000 9.7 95400 94 211000 25.7
Protein 17800 59 89000 6.6 79400 78 7200 09
Total 298000 1360000 1010000 820000

25 Disks from each treatment were incubated in duplicate in closed 25 ml Warburg flasks containing 1 pmol formate '
[*4C] (2.5 uCi/fumol; pH 59).in 4ml H,O for 1hr at 30°. Results are expressed as cpm/25 disks extracted and are the

mean of two separate determinations.

Table 3. Incorporation of formate [**C] into free and protein amino acids by freshly cut and 36 hr aerated disks

Freshly Acrated for 36 hr
cut disks Water control 0.1 mM GA, 5 mM L-methionine .
Free Protein Free Protein Free Protein Free Protein
Amino cpm/  cpm/ cpm/ cpm/ cpm/ cpm/ cpm/ cpm/ cpm/ cpm/ cpm/ cpm/ cpm/  cpm/
acid nmol  nmol 25 disks nmol 25 disks nmol 25 disks nmol 25 disks nmol 25 disks nmel 25 disks nmol
Methionine
sulfoxide nd- nd. 4480 118 nd. nd. 2580 580 nd. nd. 530 1.89 nd. nd.
Aspartate 431 3.09 11900 102 7730 6.55 8210 9.72 6660 435 12300 8.55 1150 0.83
Serine 115 268 88900 44.7 44200 546 52300 19.7 35600 434 58600 173 960 1.04
Glutamate 283 0.57 16700 8.66 1530 133 6990 546 1070 0.8% 4030 399 400 0.30
Glycine 19.4 1.69 2660 443 3830 165 300 7.50 1660 1.54 2050 260 1410 1.20
Alanine 093 0.36 4330 8.49 750 0.69 300 081 840 0.8t 840 1.02 140 0.05
Methionine 133 382 840 840 5470 124 1750 175 2670 103 109000 329 240 13.3

Carrot disks were either freshly prepared or pre-acrated in the three treatment solutions, 25 Disks from each treatment
were incubated in duplicate in closed 25 ml Warburg flasks containing 1 umo! formate [“C’_]' (2.5 pCi/umol; pH 5.9) in
4 ml H,0 for 1hr at 30°. Considerably lower amounts of '*C were also detected in threonine, proline, cysteine, valine

and isoleucine. n.d—not detected.
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glycine and methionine, the latter displaying the highest
specific radioactivity. GA; increased the labelling of free
methionine by more than 100%, but reduced the specific
activities of free serine and glycine. Methionine reduced
the concentration of '*C in all three amino acids.
Radioactivity also accumulated in free methionine, the
pool of which was much enlarged by uptake from the
aeration medium. As a result, protein labelling in these
digks was greatly reduced.

DISCUSSION

Changes initiated by aeration of storage tissue disks
are largely developmental in nature [7]. Consistent with
this is the synthesis and methylation of {RNA [17,18],
an event which commonly accompanies development in
other systems [22-27]. This methylation has been impli-
cated in amino acylation [28,29] and is generally depen-
dent on methyl groups derived from methionine. In car-
rot disks, where net methionine synthesis accompanies
aeration (8], these groups would be largely generated
within the folate pool. Data in Fig. 1 and Table 1 show
that aeration increased methylfolate content and the

levels of enzymes which mediate methyl group turnover. .

Formate may be an important precursor of these C,
units as aerated disks contained formyltetrahydrofolate
synthetase (Table 1) and readily utilized this compound
for synthesis of amino acids related to folate metabolism
(Table 3).

GA,, added to the aerating medium, tended to accen-
tuate these changes. Thus this growth substance stimu-
lated methylfolate synthesis (Fig. 1, Table 1) and the in-
corporation of formate into free methionine (Table 3).
Although gibberellins have diverse physiological roles in
plants [30], these effects on C,; metabolism could be
related to their effects on RNA and its methylation
[14,15,30].

Disks aerated for 48 hr in 5 mM methionine contained
less total methylpoly%lutamates than the contiols (Fig.
1) and less formate [*C] was incorporated into amino
acids deriving C, units from the folate pool (Table 3).
These data and the inhibition of key folate-dependent
enzymes by L-methionine (Fig. 2) suggest a regulation
of C; metabolism by this amino acid or its metabolite.
Such control is well documented for other species and
centres on methyltetrahydrofolate homocysteine trans-
methylase [11-13], methylenetetrahydrofolate reductase
[11,31,32] and  serine  hydroxymethyltransferase
[19,33-36]). In carrot disks, methionine pool size may
regulate the reduction of CH,-H,PteGlu and generation
of 10-HCO-H,PteGlu by affecting enzyme activities (Fig.
2, Table 1). It remains to be determined whether these
enzymes possess L-methionine binding sites for control
of activity.

The low specific radioactivities of protein amino acids
in the L-methionine-treated disks suggest that this treat-
ment also reduced the rate of protein synthesis (Table
3). Such an eflect could result from a depletion of ATP.
In this respect, Davies [37] has shown that turnip disks
convert exogenous methionine into S-adenosylmeth-
ionine and as a result significant amounts of adenosine
are removed from participation in oxidative phosphory-
lation. An inhibition of protein synthesis by methionine
in carrot disks may also explain why the specific activi-
ties of CH,-H,PteGlu reductase and Me-H, PteGlu
transmethylase were apparently higher in the meth-
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ionine-treated disks (Table 1). This assumes, however,
that both enzymes have low rates of turnover. Similarly,
the pronounced decrease in HCO-H,PteGlu synthetase
levels in these disks (Table 1) could arise if this enzyme
had a relatively high rate of turnover during the aeration
period.

In common with other species [9] the folates of carrot
disks are principally polyglutamyl derivatives (Fig. 1).
Although precise roles for these compounds in C, meta-
bolism require elucidation there is growing evidence for
their metabolic importance [38,39]. In this connection,
more than half the folates of carrot disks aerated in water
were methylpolyglutamates and methionine greatly
reduced their concentration (Fig. 1). As methylpolygluta-
mate concentration was also affected by L-ethionine {8}
it follows that these complex folates may be an important
source of methyl groups in this dynamic system.

EXPERIMENTAL

Materials. Source, disk preparation and aeration of carrot
tissue (Daucus carota L. var. Nantes Coreless) were as pre-
viously described [8]. L-Serine-[3-'4C], sodium formate-[*4C]
and tetrahydrofolate-N°[methyl-'4C] were purchased from the
Amersham/Searle, U.S.A. Tetrahydrofolic acid was obtained
from Sigma Chem. Co.

Folate and enzyme assays. Samples (50 disks) were extracted
[8], fractionated and assayed with Lactobacillus casei (ATCC
7469), Streptococcus faecalis (ATCC 8043) or Pediococcus cere-
visiae (ATCC 8081) as previously described [40]. Polyglutamyl
derivatives were hydrolyzed using . glutamidoaibe  poplida e
prepared from pea cotyledons 4] N N' muihykneicir,
hydrofolate reductase, N°-methyltetrahydrofolate:homocys-
teine transmethylase, serine hydroxymethyltransferase, and
N!%formyltetrahydrofolate synthetase were assayed as de-
scribed previously [8].

Formate-[1*C] feeding. Samples of 25 freshly-cut or aerated
disks were transferred to 25 ml Warburg flasks containing
1 pmol formate[*4C] (2.5 uCi/umol; pH 5.9) in 4 ml H,O.
The centre well contained a filter paper wick saturated with
209% KOH. Disks were incubated with shaking for 1hr at
30°. A control flask containing formate['*C] and KOH-
impregnated filter paper was included to monitor possible
release of 'C from the incubating soln. **CO, values were
corrected using this figure. After incubation, the disks were
removed, washed in H,O and boiled in 10 ml EtOH for §
min. After homogenizing (Ten Broeck homogenizer), homo-
genate was centrifuged for 15 min at 18000g. Supernatant
was decanted and the pellet resuspended in 10 ml 50%, EtOH
followed by centrifugation. The pellet was then washed in 10
ml H,0. Combined supernatants were evaporated to dryness
in vacuo at 35° and then the residue was redissolved in {0
ml H,0. Lipids were extracted with 3 ml toluene and 2 m!
petrol and then assayed for **C by lipid scintillation spectro-
metry [41]. Fractionation of H,O-soluble compounds was
accomplished by use of ion exchange resins [42]. Free amino
acids were separated [43] by an amino acid analyzer as de-
scribed in ref [41]. Protein was hydrolyzed [44] for sub-
sequent analysis of protein amino acids.

Acknowledgements—This work was supported by a grant
awarded to one of us (E.A.C.) by the National Research Coun-
cil of Canada. The authors thank Mr. B. Blawacky for excel-
lent assistance with the amino acid analyzer.

REFERENCES

1. Steward, F. C,, Stout, P. R. and Preston, C. (1940) Plant
Physiol. 15, 409.
2. Ap Rees, T. (1966) Australian J. Biol. Sci. 19, 981.



10.

11.
. Dodd, W. A. and Cossins, E. A. (1970) Biochim. Biophys.:

13.
14.
15.
16.
17.
18.
19.
20.
21.

22,

C; metabolism in storage disks

. Sacher, J. A, Towers, G. H. N. and Davies, D. D. (1972)

Phytochemistry 11, 2383.

. MacDonald, I. R., Knight, A. H. and DeKock, P. C. (1961)

Physiol. Plantarum 14, 7.

. Bryant, J. A. and Ap Rees, T. (1971) Phytochemistry 10,

1191.

. Kamisaka, S. and Masuda, Y. (1970) Physiol. Plantarum

23, 343.

. Van Steveninck, P. F. M. (1975) Ann. Rev. Pl Physiol.

26, 237.

. Fedec, P. and Cossins, E. A. (1976) Phytochemistry 185,

359.

. Blakley, R. L. (1969) in The Biochemistry of Folic Acid

and Related Pteridines, p. 569. North-Holland, Amsterdam.
Silber, R. and Mansouri, A. (1971) Ann. N.Y. Acad. Sci.
196, 55. )

Lor, K. L. and Cossins, E. A. (1972) Biochem. J. 130, 733.

Acta 201, 461.

Cossins, E. A, Roos, A. J.,, Chan, P. Y. and Sengupta,
U. K. (1972) Phytochemistry 11, 2481.

Chandra, G. R. and Duynstee, E. E. (1971) Biochim. Bio-
phys. Acta 232, 514.

Chandra, G. R. (1970) in Plant Growth Substances (Carr,
D. J, ed)), pp. 365-370. Springer, Heidelberg.

Bradshaw, M. J. and Edelman, J. (1969) J. Exp. Botany
20, 87.

Stone, B. P. and Cherry, J. H. (1972) Planta 102, 179.
King, B. and Chapman, J. M. (1973) Planta 114, 227.
Nakamura, K. D., Trewyn, R. W. and Parks, L. W. (1973)
Biochim. Biophys. Acta 327, 328.

Dickerman, H. W., Redfield, B. G,, Bieri, J. G. and Weiss-
bach, H. (1964) J. Biol. Chem. 239, 2545.

Dawes, J. and Foster, M. A. (1971) Biochim. Biophys. Acta
237, 455,

Baliga, B. S, Srinivasan, P. R. and Borek, E. (1965) Nature
208, 555.

PHYTO 15/12—B

23.

24.
25.

26.
27.
28.
29.

30.
31.

32,
33.

34.
35.

36.

37
38.

39.
40.
41.
42
43.

44,

1823

Pillinger, D. and Borek, E. (1969) Proc. Natl Acad. Sci.
(Wash) 62, 1145.

Srivastava, B. 1. S. (1970) Life Sci. 9, 1315.

Sharma, O. K., Loeb, L. A. and Borek, E. (1971) Biochim.
Biophys. Acta 240, 558.

Turkington, R. W. (1971) Cancer Res. 31, 644.

Tidwell, T. (1970) J. Cell Biol. 46, 370.

Shugat, L. S., Chastain, B. X,, Norelli, E. D. and Stulberg,
M. P. (1968) Biochem. Biophys. Res. Commun. 31, 404.
Stone, B. P., Whitty, C. D. and Cherry, J. H. (1970) Plant
Physiol. 45, 636.

Jones, R. L. (1973) Ann. Rev. Plant Physiol. 24, 571.
Kutzbach, C. and Stokstad, E. L. R. (1967) Biochim. Bio-
phys. Acta 139, 217.

Taylor, R. T., Dickerman, H. and Weissbach, H. (1966)
Arch. Biochem. Biophys. 117, 405.

Miller, B. A. and Newman, E. B. (1974) Can. J. Microbiol.
20, 41.

Schirch, L. and Rapp, M. (1967) Biochemistry 6, 253.
Greene, R. C. and Radovich, C. (1975) J. Bacteriol 124,
269.

Wong, K. F. and Cossins, E. A. (1976) Phytochemistry 15,
921.

Davies, D. D. (1966) J. Exp. Botany 17, 320.

Selhub, J., Savin, M. A., Sakami, W. and Flavin, M. (1971)
Proc. Natl Acad. Sci. U.S. 68, 312.

Kisliuk, R. L., Gaumont, Y. and Baugh, C. M. (1974) J.
Biol. Chem. 249, 4100.

Roos, A. J. and Cossins, E. A. (1971) Biochem. J. 125,
17.

Clandinin, M. T. and Cossins, E. A. (1972) Biochem. J.
128, 29.

Splittstoesser, W. E. (1969) Plant Cell Physiol. 10, 87.
Moore, S. and Stein, W. H. (1963) in Methods of Enzy-
mology (Colowick, S. P. and Kaplan, N. O,, eds.), Vol.
V1. 819-831. Academic Press, New York.

Roach, D. and Gehrke, C. W. (1970) J. Chromatog. 52,
393,



