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Abstract-Microbiological assay of extracts prepared from carrot, potato, turnip and beet storage tissue disks 
revealed that folate derivatives were synthesized during a48 hr aeration period in sterile distilled water. The composi- 
tion of the folate pool in carrot was examined by DEAE-cellulose column chromatography, y-glutamylcarboxypepti- 
dase treatment and differential assay of individual derivatives using Lactobacillus casei and Streptococcus faecalis. 
The principal folates were polyglutamates of formyl and methyl tetrahydrofolate. Smaller quantities of the ,corre- 
sponding mono- and di-glutamates were also detected. The latter derivatives occurred in pools having a high 
degree of metabolic turnover. The specific activities of three enzymes catalyzing production of these derivatives 
from tetrahydrofolate increased during the flrst 12 hr of aeration. Amino acid analyses revealed that folate synthesis 
in carrot disks was accompanied by depletion of free serine and by net synthesis of free and protein methionine. 

INTRODUCTION RESULTS 

During the past twenty years the physiological and bio- When freshly prepared tissue disks of four different 
chemical changes which accompany aeration of higher 
plant storage tissue disks have received detailed study. 

species were analyzed for folates (Fig. 1) it was clear 

These have included increased rates of respiration [l-4], 
that polyglutamyl derivatives accounted for at least 7% 
of the total folate assayed by Lactobacillus casei. When 

enzyme activation [S-7], synthesis of proteins [S], RNA the disks were aerated, changes occurred in the propor- 
and DNA [9, lo], increased ability to metabolize exo- tions of polyglutamyl and unconjugated derivatives. In 
genous substrates [ll, 123 and response to growth regu- 
lating substances [13,14]. 

From a consideration of basic metabolism it follows 
that many of these changes will depend on a pool of 
C-l units presumably generated during the aeration 
period. In this regard, reduced derivatives of folic acid 
with formyl and methyl substituent groups would have 
greatest importance [lS]. However, to our knowledge, 
there have been no studies of folate synthesis or its con- 
trol in this interesting higher plant system. 

The present paper presents evidence that both formyl 
and methyl folates are synthesized when storage tissue 
disks are aerated. Experiments with antagonists of C-l 
metabolism suggested that the tissue pools of these corny 
pounds were in high state of metabolic turnover. The 
specific activities of key enzymes for synthesis of these 
derivatives from tetrahydrofolate were also found to in- 
crease during aeration. A preliminary report of this work 
has already appeared [16]. 0 24 40 

. , 
0 

nom ot Aeration 

J 

* The abbreviations used for derivatives of pteroylglutamic Fig. 1. Effect of aeration on pteroylglutamates in storage tis- 
add are those suggested by the JUPAC-IUB Commission as sue slices. q , Total levels after pea cotyledon pglutamylcar- 
listed in Biochem, J. (1967) 102, 15, e.g. 5-Me-H.+PteGlu boxypeptidasc treatment; ’ levels before *r~x~pti~ 
= Ns-methyltetrahydropteroylmcmoglutamate. treatment; n , levels of polyglutarnyl derivatives. All assays 

t Present address: Department of Biology, University of were performed using L casei and represent the mean of three 

Saskatchewan, Saskatoon, Canada, separate determinations. 
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mot and t&nip, both classes of folates increased. In 
potato, incv were evident in ~~onju~t~ deriva- 

oiy~ut~ate content fluctuated. In beet 
te content remained relatively constant 

assay procedure and might also affect metabolic pro- 
cesses within the disks l17’J Attempts to minimize bac- 
terial ~u~~~, therefore, included aseptic hand- 
ling of th &ues, thorough sterilization of equipment 
and frequent uhanges of the aeration medium. Despite 
these precautions some contamination developed and 
seria1 d showed that 58 and 143 bat- 
teria/mI the aerating solution after 24 and 
48hr re e relatively low levels of bacteria 
have been regarded as tolerable in earlier work [ZS] and 
comparisons with more heavily contaminated disks 
showed that f&ate levels still increased by approx~ately 
the same amount. We concluded, therefore, that folates 

by the plant tissue during aeration. 
tiure of individual folates and their sy-n- 

thesis during’aeration, carrot tissue extracts were assayed 
after DEAE-cellulose chromatography. Data for freshly 
cut and aerated disks are given in Fig. 2. Two peaks 
(a and & ocourring early in the elution sequence, gave 
growth responses to both assay bacteria typical of formyl 
derivatives. These compo~ds also occupied positions in 
the elution sequence corresponding to authentic 
10-HCO-H,PteGlu and ~~~CO-~~Pk~~u~ and there- 
fore appear identical to the compounds found in other 
plants by R&a and C&sins 1191. The large peak c co- 
shromstogr~phed with authenttc S-Me-&PteUlu and did 
not support growth of SIrc yr~0ccu.S faeca1i.s. Using simi- 
lar irww. peaks J and La acre ident&d as HJ?teGlu 
and 5-Me-H4PteGlu2 respectively. Peakf; which was not 
detected in fmhly cut disks, occupied a position in the 

Froctton Number 

3% 2 ~~r~mato~aph~ of pteroylgI~t~ate derivatives 
before and ~IIZI JCT~IICW of carrot slices. After DEAE-c&u- 
lose chromat the fractions were assayed for folate 
content using ‘Tfqe derivatives shown are: a, IO-HCO- 
H,PteGlu; b, to-HC0.H_,PteGlu2; c, S-Me-H4PteGlu; d, 
&PM%r; e, ~~~H~~~~~~ $ u~~tified. S. f&c& gave 

comp0u~d5 in peaks a, b and d but 
t IS the mean of values from duplicate 

two separate experiments. 

Table 1. Effect of aeration and L-ethionine on f&te derive- 
tives of carrot tissue disks 

Hours of aeration 
Derivatives 0 12 24 36 48 

Control treatment 
Formyl mm0 & di& 6 3 9 14 19 
Methyl mom 6% di& 36 39 50 61 92 

Total mano & d&U 42 46 59 75 111 

Formyl p~iy~utamates 46 54 45 79 
Methyl poly!&tamate8 134 134 21.5 2;: 214 

Total poiy~utamates 180 188 260 313 293 

Total folates 222 234 319 388 404 

r_-Ethionme treatment 
Formyl mmo 8L diplu 1s 13 16 15 
Methyl mom & d&u 48 52 103 122 

Total mono & d@u 66 65 119 137 

Fmnyl p~y~utamat~ 47 46 57 43 
Methyl polyglutamates 67 IS9 193 370 

Total polyglutamatcs 114 20.5 250 413 

Total f&tea 180 270 369 350 

cmot sfices (1 x 9 mm) were aerated in Hz0 or 1OmM 
L-ethionine for the periods &OWL Extracts wefe prepared, 
assayed for mono- and di-&tar@ foiates using L. CC& and 
S. fieculis, treated with y-glutamylpeptidase and reassayed for 
total folate content. Data are expressed as ng PW% equiva- 
tents/g fr. wt disks and are averages of duplicate assays. 

e&ion cor~~~d~n~ to authentic S-HC~~~~~~~s 
and 5-Me-H4PteGlus and supported the growth of both 
assay organisms. 

The concentration of these individual folates increased 
dr~ati~Ily as the disks were aerated. For example, the 
principal derivative, 5-Me-&PteGlu increased nearly 
&fold during the 48 hr aeration. Chro~~o~phy of 
extracts prepared after 12,24 and 36 hr of aeration gave 
folate levels interm~te between the extremes shown 
in Fig. 2. Further evidence that folate synthesis occurred 
during aeration of carrot disks was obtained in exper- 
iments with adopters and r&h&nine. 

when freshly cut disks were aerated in OQ2 M amino- 
pterin the pools of formyl and methyl folates were pro- 
gressively depleted. In such experiments, however, the 
rate of depletion varied for each derivative. The pools 
of formyl mono- and diglutamyl derivatives were not de- 
creased after 24 hr of treatment but the methyl folate 
pool was only 3% of that present in control disks. With 
longer periods of coopted treatment marked deple- 
tion of the 10-HCO-&Pt&lut pool occurred until it 
was only lff/* of the control at 4X hr. In contrast, 
aminopterin reduced the 10-HCO-H,PteGIu pool size 
by only 25% alter 48 hr of aeration. 

r.-ethionine, which blocks transmethylation teactions 
mediated by S-~~osy~ethio~e, also affected the con- 
centration of folate derivatives in carrot disks (Table 1). 
In this case, however, the net synthesis of folates accom- 
parrying aeration was not curtailed but slightly enhanced. 
Ethionine had greatest effect initially on the methyl pools 
of mono- and di~ut~yl folates. With prolonged 
aeration methyl polyglutamyl folates aceuntulated in the 
ethionine treated disks. 

Aeration of carrot storage tissue disks also affected 
the speeitic activities of enzymes which catalyze synthesis 
of formyl and methyl tetrahydrofolates (Table 2). After 
12 hr aeration, the greatest increase was shown by the 
mductase which produces 5-Me-H,$teGlu from methy- 
lene ~tr~ydrofolate. The activity of serine hydroxy- 
me~yltran~era~ was doubkd whereas the formyl tetra- 
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Table 2. Effect of aeration on key enzymes of folate 
metabolism 

EIlZyttle 

1lMxmyltetmhydrofolate synthetase 
Sermc hydroxymethyltransfersferase 
Methylenetetrahydrofololate reductase 
Methyltetrahydrofolate:homcqsteinc 

Activity* ai?er 
hours of aeration 

0 12 

918 1300 
098 2a 
1.4 3.2 

transmethylase 152t 149t 

* Nmol product formed/hr/mg protein at 30” except for iast 
enzyme? expressed as pm01 product formed/hr/mg protein at 
30”. AU assays were performed in duplicate and the results 
are expressed as the mean. 

hydrofolate synthetase increased by approximately 400/,. 
Although the specific activity of the transmethylase was 
not altered by aeration of the disks for 12 hr, after 24 hr 
aeration specific enzyme activities slightly in excess of 
200 were found. 

In other experiments with carrot disks, the levels of 
free and protein amino acids were examined during a 
48 hr aeration period to determine whether changes 
occurred in pools related to C-l metabolism. As shown 
in Table 3, total free amino acids declined during 
aeration whereas total protein amino acid levels rose. 
Of particular interest to the present study was the sub- 
stantial net synthesis of methionine and the initial 
decrease in the level of free se&e. 

DWXWION 

In common with other plant tissues [19-22-j, the 
f$ates of storage tissues were mainly highly conjugated 
(Frg. 1). In carrot, these folates were methyl derivatives 
of H&eGlu, and their concentration increased as the 
disks were aerated (Table 1). In addition, folates with 
l-3 glutamyl residues were also present in these tissues 
as judged by growth of the assay organism prior to pglu- 
tamylcarboxypeptidase treatments. These folates also in- 
creased in concentration when disks of the four species 
were aerated (Fig. 1). In carrot, potato and turnip, this 
increase was accompanied by net folate synthesis but in 
beet it appeared to occur at the expense of polyglutamyl 
derivatives. Conceiv.ably this decline in polyglutamyl 
content could be catalyzed by a y-glutamylcarboxypepti- 
dase as such enzymes now appear to be ubiquitous to 
living tissues [15]. 

Evidence for folate synthesis in carrot was also 
obtained when disks were aerated in the presence of 
aminopterin. This folate analogue, which blocks gener- 
ation of H&eGlu by inhibition of dihydrofolate reduo 
tase, caused rapid depletion of the 5-MeH.+PteGlu pool. 
In contrast, the pools of formyl folates were less drasti- 
cally affected, a situation which we have noted in studies 
of other plant tissues [19,20]. Clearly, in carrot disks, 
the formyl and methyl tetrahydrofolates must have dif- 
ferent rates of turnover and be derived from pools of 
H,PteGlu which, in turn, are generated from H$teGlu 
at di&rent rates. In this respect, the 5-Me-H4PteGlu 
pool may be derived from a metabolic pool of 5,1O-CHr- 
I-L,PteGlu which is also utilized in the thymidylate syn- 
thetase reaction. 

The methionine analogue, ethioninej is known to in- 
hibit several processes in higher ,pkmts inchding the 
am& stimulation of cell elongation [23], the_ synthesis 

Table 3. Changes in amino acids during aeration of carrot 
diskst 

Amount present after 
hours of aeration 

0 24 48 
Amino acid Free Protein Total Free Protein Total Free Protein Total 

LYS 019 2.19 2.38 @05 1.78 1.83 002 2.82 2.84 
His nd. 072 072 ad. 059 059 ad. 083 083 
Aa n.d. 056 OS6 ad. O-55 055 ad. 083 083 
ASP 2.85 3.89 674 2.58 423 6.81 199 568 767 
Thr 
ser 
Olu 
Pro 
GUY 
Ala 
CYS 
Val 
Met 
Ik 

*:70 
1103 
rd. 
023 

13.20 
ad. 
1.10 

n.d. 
058 

2.51 2.51 t 2.50 250 
3M 11.76 3.81 345 686 
493 1593 8.67 4.86, 
2.29 2.29 nd. 2.25 
3.92 4.15 MI4 413 
4.02 17.22 2.69 4.02 
ad nd. nd. ad. 
3.28 4.38 047 305 
009 009 t 022 
196 254 014 1.70 

1453 
2.25 
4 17 
6.71 
nd. 
3.52 
022 
1.84 

nd. 3.35 
4.84 399 
416 649 
007 3.11 
005 6% 
1.24 5.35 
t n.d. 

031 439 
017 036 
008 3.17 

3.35 
8.83 
9.65 
3.18 
471 
659 
t 

4.70 
@53 
3.85 

Lei 031 3% 3.37 007 2.60 2.67 0.03 4.32 4.35 
TY~ nd. 064 064 ad. 051 051 n.d. 085 085 
Phe n.d. 061 061 nd. 055 055 n.d 069 089 
Total 38.16 37.73 7489 18.52 36.59 5411 11.96 53-69 6965 

t Disks were prepared from greenhouse-grown carrot tissue 
after storage for 2 months at 4”. Mean values expressed as 
/.nnol/g fr. wt tissue after duplicate analysis. n.d.-not detected; 
t-trace amounts. 

of a-my&e [24], phenylalanine ammonia lyase [25], 
and invertase [263 as well as the methylation of RNA 
[26]. As methionine reverses these ethionine e&c&, it 
follows that the analogue in plants, as in other systems, 
blocks key transmethylation reactions in which S-adeno- 
syhnethionine acts as methyl donor. Tissues treated with 
ethionine should, therefore, tend to accumulate meth- 
ionine and its immediate precursors. The data in Table 
1 show that mono- and diglutamyl forms of methyltetra- 
hydrofolate accumulated in ethionine-treated disks par- 
ticularly after aeration for 36-48 hr. At 48 hr, this ao 
cumulation of methyl folates also included polyglutamyl 
derivatives. Accordingly, it may be argued that 5-Me- 
H,PteGlu and 5-Me-H$teGlu2 are major precursors of 
methionine in carrot disks and that their methyl groups 
are actively generated, presumably from 5,10-CH2- 
H&zGlu, during the aeration period. 

The serine hydroxymethyltransferase reaction is now 
generally regarded as the major source of 5,10-CHZ- 
HzteGlu in living cells [ 153. The specific activity of this 
enzyme and that of methylenetetrahydrofolate reductase, 
which forms 5-Me-H,PteGlu, both increased substan- 
tially (Table 2) prior to increases in folate and meth- 
ionine concentration Fables 1 and 3). Furthermore, the 
levels of free serine in carrot disks declined by more than 
500/, during the first 24 hr of aeration (Table 3). These 
changes suggest that C-l units required to support the 
de now synthesis of methionine are largely derived from 
serine during the aeration period. If these conclusions 
are correct, the metabolism of serine via the folate pool 
would have major importance in the macromolecular 
syntheses which are characteristically initiated when stor- 
age tissue disks are aerated. 

EXPERIMENTAL 

Plant material. Roots of Beta vulgaris, Brassica rapa and 
So/unum tuberown were purchased locally and stored in pfas- 
tic bags at 4” in darkness until required. Daucus carot~ L 
var. Nantes Coreless plants were raised in growth chambers, 
receiving 32 000 lx during 14 hr days in a day-night tempera- 
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ture regime of 24” and 20”. After 5 months, the roots were 
harvested. washed and stored IO plastic bags at 4” in darkness. 
Carrots used as experimental material had been stored under 
these conditions for a mmimum of 1 month but no longer 
than 3 months. 

Preparation and aeration of tissue disks. Equipment used for 
preparation of disks was sterilized by prior autoclaving or 
washing with &OH. Sterile H,O was used throughout for 
rinsing and aerating the disks. Soms of aminopterin (SO2 M) 
and L-ethionine (0.01 M) were Millipore filtered before use. 
Roots from storage were washed in soapy water, rinsed 4 x 
in sterile Hz0 and cylinders of tissue were removed using 
a No. 2 cork borer. Disks (1 x 9mm) were then cut from 
the cylinders using a mechanical cutter. The disks were thor- 
oughly rinsed in sterile Ha0 and suspended in the same (4 
disks/ml) contained in 5OOmI Erlenmeyer flasks Moist sterile 
air was drawn through the flasks at room temp. The disks 
were resuspended in fr. sterile H,O every 12 hr. 

Assessment of bacterial contamination. Serial dilutions of the 
medium were plated on agar plates containing tryptone-yeast 
extract and incubated at 31” for 24hr. Colony counts were 
then made and used as a measure of bacterial contamination. 

Folate analyses. Samples of 50 disks (1.2-14 g fr. wt) were 
placed in 10ml of 2% (w/v) ascorbic acid (pH 6%) and main- 
tained at 95” for 10 min. Folates were then extracted. frac: 
tionated and assayed with Lactobacillus casei (ATCC’7469) 
and Streptococcus faecalis (ATCC 8043) as previously de- 
scribed [19]. Conjugated derivatives were hydrolyzed using 
a y-glutamylcarboxypeptidase from pea cotyledons [19]. 

Enzyme assays. &&rot disks were- homogenized in 50 mM 
K Pi buffer (pH 69) containing 2mM 2-mercantoethanol at 
4”. After centrifugation (18Mg for 20 min)‘the cell-free 
extract was desalted by passage through a 1.5 x 7 cm column 
of Sephadex G-15. Preliminary enzyme assays were carried 
out to determine optimal substrate concentrations and pH 
optima. NS~N1o-methylenetetrahydrofolate reductase (EC 
1.1.1.68) was assayed according to Donaldson and Keresztesy 
[273 using [Me-14C]-5-Me-H&eGlu as substrate. NS-Methyl- 
tetrahydrofolate: transmethylase(E.C.2.1.99)wasassayedaspre- 
viously described [28]. Serine hydroxymethyltransferase (EC 
21.2.1) was mea&&by the method of Tayior and Weissbach 
C297. N1o-Formvltetrahvdrofolate svnthetase activitv 
was assayed DO] -using cell-free extracts which contained 
0-l mM reduced ghttathione in addition to the above extrac- 
tion buffer. Radioactive products were assayed for ‘% by 
liquid scintillation spectrometry [31]. Protein was measured 
calorimetrically utilizing crystalline egg albumin as a reference 
standard [32]. 

Analysis of free and protein amino acids. Free amino acids 
were extracted from carrot disks by the method of Splitt- 
stoe&er [33]. Protein was hydrolyzed [34] and amino acids 
we.m recovered from the hydrolyaate using Dowex 50W x 8 
(H+ form) resin. Individual amino acids were separated [35] 
by a Beckman automatic amino acid analyzer employing the 
buffer sequence and column resins described previously [31]. 
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