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lNTRODUCTION 

The properties of phosphofructokinase (ATP:n-fructose 
6-phosphate 1-phosphotransferase, EC 2.7.1.11) have 
been studied with preparations from a variety of tissues. 
Phosphofructokinases from both mammalian tissues 
[l, 21 and higher plants [3] are inhibited by ATP and 
citrate and, in general, stimulated by Pi. A distinctive 
property of the plant enzyme is the strong cooperative 
inhibition given by low concentrations of P-enolpyruvate 
[4, 51 and by relatively low concentrations of 2-P- 
glycerate and 3-P-glycerate 161. It is believed that the 
effects of metabolites on the activity of phosphofructo- 
kinase are of major significance in the control of glyco- 
lysis in plants [3, 71. 

470/, respectively. As most of the modifiers of phos- 
phofructokinase activity used in this investigation were 
Na salts, the standard assays were performed at constant 
(24 mM) Na’ ion concentration. 

Carrot phosphofructokinase was subject to strong 
cooperative inhibition by low concentrations of P- 
enolpyruvate (Fig. 1). Increasing the concentration of 
Na+ in the reaction mixtures relieved the inhibition and 
increased the degree of cooperativity shown in the P- 
enolpyruvate inhibition. Hill plots for P-enolpyruvate 
had slopes of 2.2, 2.5 and 3.1 with Na’ ion concen- 
trations 1.5, 12 and 24 mM, respectively. The addition of 
KC1 also relieved the inhibition by P-enolpyruvate. 

In view of the regulatory significance of phospho- 
fructokinase, the study of the plant enzyme has been 
extended to include carrot roots which have been used 
extensively for physiological work. The present com- 
munication describes the effects of monovalent cations, 
P-enolpyruvate and Pi on carrot phosphofructokinase. 

The effect of increasing concentrations of Pi on the 
activity of carrot phosphofructokinase at different 
concentrations of MgCl, is shown in Fig. 2. At pH 7.9 
Pi inhibited the enzyme except at low concentrations of 
bothMgCl,andPi~vhenaslightstimulationwasobserved. 
When the pH of the reaction mixtures was 6.6 there was 
significant stimulation by Pi. 

RESULTS DISCUSSION 

There was considerable activation of carrot phos- 
phofructokinase by monovalent cations. The con- 
centration of Na+ in the assay mixture without added 
monovalent cation was 1.5 mM and the further addition 
of 12 mM (final concentration) LiCl, NaCl, KC1 and RbCl 
increased phosphofructokinase activity by 40,53,59 and 

This investigation has shown that carrot root phospho- 
fructokinase is stimulated by monovalent cations and 
strongly inhibited by low concentrations of P-enolpyruv- 
ate. Kf and NH,+ ions are known to stimulate 
phosphofructokinase from a number of animal tissues 
[2] and yeast [8]. Na+ and KC ions also had a pro- 
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Fig. 1. Effect of P-enolpyruvate on carrot root phosphofructo- 
kinase activity at different levels of NaCl. The reaction mixtures 
were of the composition described for the standard assay with 
P-enolpyruvate added as shown. 0, no addition; l , 12 mM 

NaCl; A, 24 mM NaCI. 

nounced effect in decreasing the inhibition of the carrot 
enzyme by P-enolpyruvate. With 1.5mM Na+, 5 pM 
P-enolpyruvate inhibited carrot phosphofructokinase 
by 82 % and this inhibition was reduced to 25 and 5 % 
when the Na+ concentration in the reaction mixtures 
was increased to 12 and 24mM, respectively. This 
suggests an important role for the monovalent cations in 
determining phosphofructokinase activity and hence in 
regulating glycolysis in plant tissues [3]. Monovalent 
cations may affect phosphofructokinase activity directly. 
In addition, the effect of the monovalent cations will be 
markedly enhanced if phosphofructokinase in aerobic 
tissues is, as seems probable, subject to a degree of 
P-enolpyruvate inhibition [3]. It is of interest that 
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Fig. 2. Effect of Pi on carrot root phosphofructokinase activity 
at different concentrations of MgCI,. The reaction mixtures were 
of the composition described for the standard assay with the 
addition of Pi as shown. The concentration of Naf was 48 mM. 
The velocity (v) is expressed as nmol fructose-1,6-P, produced 
per min/reaction mixture. At pH 7.9: 0, 1.6 mM MgCl,; 

0, 16 mM MgCl,. At pH 6.6: A, 1.6 mM MgCl,. 

NaCl and KC1 increase glycolysis in carrot slices [9, lo]. 
The present findings may have relevance to salt res- 
piration: it is well known that the respiration of washed 
discs of storage tissue is stimulated by a number of 
inorganic salts [l l]. 

Carrot phosphofructokinase was inhibited by Pi at 
pH 7.9 except when the Pi and Mg’+ concentrations were 
low. On the other hand the enzyme was stimulated by Pi 
at pH 6.6 These experiments were carried out at constant 
monovalent cation concentration. Pi is generally ac- 
ceptedasanactivatorofmammalianphosphofructokinase 
[ 1,2] and of the plant enzyme [2,4, lo] but inhibition by 
Pi of corn scutellum and spinach chloroplast phospho- 
fructokinases has been reported [12, 131. It is clear from 
the present work that interpretation of the effects of Pi 
and other anions may require consideration of the pH 
and of the cations present. 

EXPERIMENTAL 

Partial puri$cation of carrot root phosphofrwctokinase. Fresh 
carrots (Daucus carota L.) (ca 1 kg) were peeled, the xylem 
removed and the remaining tissue placed in a juice extractor. 
To the juice was added 0.33 vol. of an extraction medium com- 
posed of 0.1 M Tris, 50 mM NaF, 10 mM MgCl,, and 8 mM 
EDTA (adjusted to pH 8 with HOAc) and the mtxture centri- 
fuged at 20000g for 10 min. The supernatant was decanted 
through glass wool and the filtrate adjusted to pH 8 with 
NH,OH. Saturated (NH&SO, (pH 8) was added to 35% 
satn and the ppt. removed by centrifuging at 20000 g for 20 min. 
The supernatant, after decantation through glass wool, was 
raised to 55 y0 satn. The pellet obtained by centrifuging at 
20000 g for 20 min was resuspended in a 1 in 10 dilution of the 
extraction medium containing 0.1 mM ATP (ca 7 ml per 100 ml 
initial carrot juice) and heated at 55” for 3 min. After cooling 
and centrifugation at 270009 for 15 min, the supernatant was 
decanted through glass wool and a further (NH&SO, fractiona- 
tion carried out. The pellet obtained between 25 and 35% satn 
was resuspended in 6 ml of a 1 in 10 dilution of the extraction 
medium containing 0.1 mM ATP and dialysed against 1 in 10 
diluted extraction medium to remove (NH&SO,. The dialysed 
material was frozen and thawed twice and the resultant ppt. 
removed by centrifuging. The final prepn had a sp. act. of 0.7 
pmol fructose-1,6-P, produced per min/mg protein. which 
represented a 20-fold purification from the crude extract. 
There was no loss in activity during storage for 3 months at 
_ 15”. Phosphatases acting on fructose-6-P, fructose-1,6-P, 
and ATP were not detected. 

Assay of phosphofructokinase activity. Enzyme activity was 
assayed by coupling the production of fructose-1,6- PZ with 
the oxidation of NADH through aldolase, triosephosphate 
isomerase and r-glycerophosphate dehydrogenase. To remove 
(NH&SO,, suspensions of the coupling enzymes were dialysed 
before use against a soln containing 10 mM Tris, 5 mM NaF, 
1 mM MgCl, and 0.8 mM EDTA (adjusted to pH 8 with 
HOAc). Reaction mixtures for the standard assay contained in a 
total vol. of 3 ml, 60 pmol imidazole, 8 pmol HOAc, 0.42 pmol 
/I-NADH, 0.75 umol ATP, 1.5 pmol fructose-6-P, 4.8 pmol 
MgCl,, 72 pmol Na+ (total), 0.3 units aldolase, 3 units a- 
glycerophosphate dehydrogenase and 15 units triosephosphate 
isomerase. The pH of the assay mixture was 7.9. Assays at 
pH 6.6 contained an additional 36 umol HOAc. The Na’ 
concn was adjusted by the addition of NaCl soln. The reaction 
was started by the addition of 5 ul of enzyme prepn containing 
ca 7-12 pg of protein. Reaction mixtures were maintained at 30” 
and the decrease in A at 340 nm was followed. 
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nor-valine and &hydroxynorleucine, which are isomers. We detected only one non-protein amino acid in seeds obtained 
from various sources; it has been isolated and its identity as d-hydroxynorleucine confirmed. 

INTRODUCTION 

Crotaluria jtmcea (Leguminosae) is cultivated in the 
Indian subcontinent as a source of fibre [l]. The seeds are 
used medicinally [2] and the green parts are toxic to 
horses and sheep [3, 4). Seeds of C. jumea have been 
reported to contain P-hydroxy-N-methyl-[IL-norvaline 

[51 and S-hydroxynorieucine (5-hydroxy-2-amino- 
hexanoic acid) [6], the last-named also occurring in C. 
tetragona Roxb. 171. 

Chromatographic studies in this laboratory revealed 
the presence of only one major non-protein amino acid 
in extracts of C. juncea seeds obtained from four different 
sources, This amino acid designated NJ has been isolated 
and its identity as &hydroxynorleucine confirmed. 

RESULTS AND DISCUSSION 

When seeds of C. juncea were extracted with tither 70 y<, 
aqueous ethanol or with methanol (the solvent reported to 
extract /?-hydroxy-N-methyl-DI_-norvaline [5]) the ex- 
tracts were found to contain major concentrations of 
only one non-protein ammo acid. This amino acid was 
isolatedbyion-exchangechromatography.Thecompound 
formed a chelate with cupric ions showing it to be an 

a-amino-a-carboxylic acid [S], and it failed to react as 
an N-methyl compound with p-nitrobenzoyl chloride [9]. 

The MS spectrum showed a parent peak at m;r 147 
(Found: 147.0900; talc. for C,H,,NO,: 147.0895). The 
base peak at m/r 84 indicated the loss of COOH + H,O 
from the parent molecule (Found: 84.0811; talc. for 
C,H,,N: 84.0513). A peak at m/e 74 (intensity = 63.5 “;) 
corresponded to a CH(NH,)COOH fragment (Found: 
74.039; talc. for C,H,NO,: 74.0242). There was no peak 
at m/e 89, which would be expected if a CH(NH-CH,) 
COOH fragment had been produced. 

The PMR spectrum in D,O showed a doublet 6 1.18 
(3H, d, J = 6 Hz, C-6). attributable to a CH, group 
split by a lone proton, multiplets b 1.52 (2H, M, C-3) and 
1.84 (2H, m, C-4)) attributable to two CH, groups. each 
split by a CH, group and a lone proton (one occurred 
further down field than the other attributable to its 
proximity to an OH group), and a multiplet 6 3.51 (2H, 
m, C-2 and C-5) attributable lo a CH group split by a CH, 
and a CH, group plus a CH group split by a COOH and 
a CH, group. These peaks have the relative intensities 
3 : 2: 2: 2. Irradiation of the low field multiplet reduced the 
high field doublet to a singlet, a further indication that 
the CH, signal is split by a lone proton. 


