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Abstract-Photosynthetic fructose-1,6-diphosphatase (FDPase) fractions I and 11, earlier purified 
from spinach leaves, show a similar amino acid composition, with the exception of a higher glutamic 
acid content in the latter. In both fractions glutamic and aspartic acids are the main amino acids. pH 
activity profiles of fractions I and II are similar, with optima at 8.65-8.70, both showing a high 
specificity for fructose-l ,6-diphosphate. These two fractions are Mg*‘-dependent for activity, with an 
optimum Mg*’ concentration of 10 mM in standard conditions. which shifts to 5 mM when the 
Mg*‘/EDTA ratio is increased to 10; Mn” and Co’+ are slightly active. EDTA enhances FDPase 
activity slightly, with an optimum at 04-0.8 mM. Cysteine has no activating effect, and acts as an 
inhibitor above 10 mM. Both I and II have an optimum substrate concentration of 4 mM, and the 
substrate inhibits at concns above this value. Kinetic velocity curves are sigmoidal, with the concave 
zone located in the range of physiological substrate concns. (Hill coefficient 1.75 for both). This 
suggests a strong regulatory role of fructose-1,6-diphosphate. K, values are 1.4 x 10d3 M (fraction I) 
and 1.1 x 1O-3 M (fraction II). The highest activity rate occurs at 60”, in accordance with the high 
thermostability of both fractions; the activation energies are 14.3 kcal/mol (fraction I) and 
13.0 kcal/mol (fraction II). 

INTRODUCTION 

In previous work[l] we found that spinach leaf 
photosynthetic fructose- 1,6_diphosphatase (E.C. 
3.1.3.11; FDPase) could be resolved into two 
active fractions I and II, with similar MWs and 
isoelectric points. Both are stable at acidic and 
neutral pH, but at pH 8.8 are split into similar 
subunits showing half the MW of native forms. 
So they can be considered as monomers of the 
original dimers I and II. 

An enzymic diversity in connection with the 
existence of interconvertible monomeric and 
dimeric forms was earlier demonstrated in the 
Rhodopseudomonas palustris photosynthetic 
FDPase[2], and in the gluconeogenic one from 
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rabbit liver[3] and from the mold Candida 
utilis [4]. However, no reports have been made 
concerning the existence of non interconvertible 

photosynthetic FDPases. Up to three FDPases 
occur in spinach [S], pea[6] and tapioca[7] 
leaves, with alkaline, acidic and neutral pH 
optimum, but only the former is the photosynthe- 
tic enzyme. In the present work we have 
compared the physico-chemical and kinetic 
properties of fractions I and II in order to 
determine the possible physiological significance 
of this heterogeneity. 

RESULTS 

The aminoacid composition of fractions I and 

II are shown in Table 1. The Buchanan’s 
values@] for the whole photosynthetic spinach 
FDPase are also included; these values, calcu- 
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Table I Amlno dud compostIon of FDPases from different soUrCeS* 

Spmach leave\ 

Buchanan rf al IS] 
Rahblt 

F I F II Correct to MW hver 

Amino acid 92 000 100 000 145 000 92 000 100 000 IlO1 

Ly\me 40 40 65 41 45 117 
Hl\tldme I 0 7 I’ 8 8 I4 

41gnlne -33 20 30 19 31 34 
Aspartlc dcld 64 61 Y8 62 6X 12x 
Threonme ‘6 27 2x 18 19 70 
Serme 4’) 4x 7x ‘$9 54 79 
Glutdmlc acid 67 79 216 136 149 Xl 

Proline 79 2x 43 27 30 .52 
GlyLme 59 62 I66 10s II IO0 

Aldnme 45 40 64 40 44 lob 

Vdhne 46 47 67 42 46 I04 
Methlomne 12 I1 I4 Y I 0 34 
Iwletrcine 43 4x 57 35 39 70 
Leuclne $3 54 71 46 50 Y‘i 
Tyro\me 75 32 36 23 24 52 

PhenylJanlne 2 i I6 25 I6 17 -Kl 
Cy\tine (l/Z) not determmed 2 IO Ii2 I45 ‘0 

Tryptophan not determined 0 0 0 0 

X Active fraction\ I and II here hydrolyzed wth 6N HCI in sealed tubes 
under vacuum, fat 24 hr at 100” Results m number of le\ldue$ per mol of 
enzyme 

lated on the assumption of a MW 145 000 by 
ultracentrifugatton, have been also corrected to 
the values 92 000 (fraction I) and 100 000 
(fraction II) which we have earlrer 
determmed [9]. The aminoacid composltlon of 
the gluconeogenic FDPase from rabbit liver is 
also shown. 

The pH profiles for FDPase activity of 
fractions I and II are quite similar, with optima at 
8.65-8.70 and a rapid decay m the acidic zone, to 
the extent that half maximal activity iq at 8.4 and 
there IS no activity below 8.2. Both fractions I 
and 11 show increasing activity with mcubatlon 
temperature up to 60”, then decreasing quickly 
(Table 2). Actlvlty also Increases with substrate 
concentration, with a maxlmum around 4 mM; 
above this value a substrate inhibitory effect 
takes place. The added cysterne is quite meffec- 
tlve, acting as an inhibltor above 10 mM EDTA 
1s not absolutely essential for activity but there is 
an enhacement up to a maxlmum at 0.4 and 
0.8 mM EDTA concentration, respectively, fol 
fractions I and II; above these values the activity 
goes down, and disappears at 3.2 mM (Table 3). 

In the standard assay conditions a mmimum 

Table 2 Effect of Incubating temperature on 
FDPase dctlvlty* 

Incubating 
temperature Actlvlty (enzyme umta) 

(“C) 
Frdctlon I Fraction 11 

4 0 021 0 022 
16 0 047 0 059 
28 0 IOY 0 128 
37 0 I.52 0 170 
45 0 234 0 240 
60 0 263 0 267 
75 0 044 0 029 

’ Actrve fraction\ 1 and II were dssayed in 
the standard conditions. except that temp of 
lncubatlon were ris stated below 

Mg” concentration of 3 mM is required for 
activity with fractions I and 11 There is a 
maximum at IO mM Mg”, and an inactivating 
effect above this value (Fig. 1). If EDTA IS 

omitted there is activity even at 1 mM Mg’+, but 
then the Increasing FDPase rate with MgZt 
concentration 1s slower. However, if the Mg*‘/ 
EDTA ratio is constant in the value 10, activity at 
1 mM Mg’+ is preserved, and the high rate of 
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Table 3. Effect of EDTA concentration on 
FDPase actlvlty* 

EDTA 
concentration 

(mW 
Actlvlty (enzyme umts) 

Fraction I Fraction II 

0.0 0.058 0.077 
0.05 0 093 0 099 
01 0 108 0 143 
02 0 137 0.157 
0.4 0 161 0.177 
0.8 0.159 0 188 
1.6 0.137 0.154 
3.2 0 005 0.008 
6.4 0 000 0 000 

12.8 0 000 0 000 

* active fractions I and II were assayed m the 
standard condition, except that EDTA concent- 
rations were as stated below. 

MCJ” concentrotlon , mM 

Fig 2 Velocity rate curves of FDPase active fractions I 

(a-0) and II (0-C’) Inset 1s the Hill plots of fraction I 

Fig. 1. Effect of Mg2’ concentration and Mg”/EDTA ratlo on 
FDPase actlvlty of fraction I. Assays performed m the 
standard conditions (O-O), and with the followmg excep- 
tlons: EDTA omltted (O-O); constant Mg*‘/EDTA ratlo = 

10(&-A) was added and the released PI was determined 

(e-0) and II (0-O) n 1s the Hill coefficient. FDPase 
activities were determmed m the reactlon mixture 0 1 M 
Tris-HCI buffer pH 8.8, fructose-1.6.dlphosphate at the 
mdlcated concentration, 5 mM MgCL, 1 6 mM EDTA, 5 mM 
cysteme and the enzyme preparatton, in a final vol of 2 ml. 
After 30 mm mcubatlon at 28”, 1 ml of 5% trichloroacetlc acid 

FDPase enhancement with the increasing Mg*+ is 
again recovered. The optimum is now at 5 mM 
Mg2+ with both fractions. 

Among the other divalent cations tested, only 
Mn’+ and Co” have shown some effect. Both 
were operative at below 2.5 mM concentration, 
at which Mg*+ is ineffective, but at higher 
concentration their activating capability was less 
(Table 4). 

Fractions I and II are only active with 
fructose-l ,6-diphosphate as substrate; other 
phosphates esters tested were ineffective. Figure 
2 shows the plots of substrate concentration 

I- 

05 IO 15 20 25 30 

FDP concentration, mM 

Table 4. Effect of Mg*‘, Mn”, and Co” on FDPase actlvatlon 

Activator Actlvlty (enzyme umts) 
concentration Mg2+ Mn” CoZi 

(mM) F.1 FII FI FII FI F II 

1.25 
2.5 0 033 0.040 0 025 0.025 

5 0.096 0 107 0.017 0.023 0.026 0 036 

10 0 132 0 174 0 010 0.013 0 021 0 025 

*Active fractions I and I1 were assayed m the standard 
conchtlons, with the exceptlon of Mg” and Its sustitutes, tested at 
the concentrations stated below 



cersus reaction rate. A Hill coefficient II = 1.75 
was calculated from the Hill plots inset in the 
same figure. The K,,, values for fractions I and II, 
were 1.4 x IF and 1.1 x IO ’ respectively, from 
the reciprocal plots l/u vs l/S. The Arrhenius 
plots of l/T vs log c gave the values 14.3 and 
13.0 kcal/mol as activation energies of fractmns I 
and II 

Preincubation time at different temperatures 
for a 50% maintenance of activity clearly shows 
that at low temperatures (- 18” and 4”) the 
enzyme IS more stable in concentrated than in 
diluted solution, there is no difference at higher 
temperatures. The optimum for enzyme storage 
is 4”. at -18” there is a freezing mactivatlon 
Fractions I and II do not show any difference m 
thermogtability at similar concentratrons. 

The amino acid compositlon shows a similar 
pattern for fractions I and II with the exceptlon 
of a higher glutamic acid content in the latter, in 
accordance with its higher elution volume from 
DEALcellulose column 111. Glutamlc and aspar- 
tic acids are the main amino acids in both 

fractions, and this could explain their low 
isoelectric points[ I]. With the exception of a 
higher content in glycme and glutamlc acid, a 
similar aminoacid composition has been found 
by Buchanan et al. (Table 1) for \pmach 
photosynthetic FDPase, wherea\ the 
gluconeogenic enzyme 1s quite different. with a 
higher lyslne content. 

The high pH optimum we have found for 
FDPases I and II was consldered to be photo- 
synthetically nonphysiological by Racker and 
SchroederlS]. However, Preis5 et nl (1 I) found 
that Mg” at 40mM shifts the pH optimum to 
more neutral zones. Although tt I\ not clear 
whether the chloroplasts can reach that Mg” 
level, it is known that bean chloroplasts can 
accumulate up to 70% of the whole Mg“ in the 
leafL12J. Similar pH optima have been found in 
Elrglena [13], Phaseolus [ 141 and the photo- 
synthetic bacterium Rhodospirillum rubrum [ 151. 

The high specificity of fractions I and II for 
fructose- I ,6-diphosphate is m accordance with 
the results earher found m other photosynthetic 

FDPases. On the contrary Rhodopseudomonas 
FDPase1161, as occurs with the gluconeogenic 

enzyme from different sources. IS also active 
against sedoheptulose-1,7-diphosphate 

That photosynthetic FDPase requires a diva]- 
ent metal activator is widely recognized, but 
whereas Mg”or Mn’. IS the physiological one 1s 
not clear. The former is more effective 111 

castor-bean FDPaseI 171. with optimum at 5 mM. 
and the latter with the Rhotloptc,lrdorltorlus 
enzyme[l6]. This IS in agreement with our 
results. CaZL, Zn”. Fe”. c’u” and Co’ are 

ineffective with FDPase\ from different 

sources [ 181. 
The EDTA activatmg effect on gluconeogenic 

FDPase has always been considered to depend 

on some other mechamsm than heavy metal 
chelation[l9]. In spite of its great sensitivity to 
metal inhibltion the same h‘is been po\trrlated foi 
the photosynthetic enzymc[5, 131. Nevertheless 
EDTA activation could not be demonstrated in 
Phuseolus [ 141 and ca\tor-bean 1171 FDPases 
We have found a slight enhancement of activity 
by EDTA and the Increased activity by Mg” IS 
higher m the presence of EDTA. 

Kinetic properties of fractions I and II 
deviated significantly from Michaelis-Menten 
kinetics, showmg sigmold velocity curves at the 
standard conditions tested (Fig 3) However the 
Hill plots fit a straight Ime: the high Hill 
coefficient suggest that there is more than one 
bmdmg-site for enzyme with the substrate, with 
a strong positive cooperation The \ame occurs 
at neutral pH and low activator concentration 
with the Rhodoilserrdor,lorIcr, enzyme, changing 
to hyperbolic at higher Mn‘ concentration[20]. 
This suggest a regulatory rol of Calvin cycle by 
fructose-l ,6-diphosphate and MgZi. particularly 

considering that physiologlcal fluctuation\ of the 
fructose-l ,h-dipho\phate In leave5 Ill) are lo- 
cated in the concave zone of the sigmoid Apart 
from these low substrate concentration\, the I<,,, 
values are higher than that of 3 x IO ’ found 
by Racker and Schroeder[5] for spinach en- 
zymes, and those of 7 7 x IO ‘, I .6 x 10 + and 
3 X IO ii M in Phaseolu\( 141. castor-bean1 171 and 
Euglena 1131 enzymes. respectively, although 
none of these authors take account of the 
sigmoid kinetics. 

The strong thermostability of both fractions I 
and II makes possible a maximum FDPase 
activity at 60” App and Jagendorf [ 131 have 
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reported a similar situation for FDPase from 
Euglena; on the contrary, bacterial FDPases are 
not so stable [ 161. The activation energies calcu- 
lated for fractions I and II are in the range found 
for other phosphatases. Salmon liver 
gluconeogenic FDPase has an energy of activa- 
tion of 115 kcal/mol; this high value could be 
explained considering the particular thermal 
habitat of salmon. 

In conclusion, the similarity in kinetic proper- 
ties of fractions I and II makes questionable the 
physiological role of these two photosynthetic 
FDPases and, from the point of view of origin, it 
is possible that one is formed from the other by 
endogenous proteolysis. 

EXPERIMENTAL 

Enzyme preparatron. All the expertments were performed 
with pure fractions I and II Isolated as descrtbed 
prevrously [ 11, lyophrhzed, and dissolved m buffer before use. 

Enzymic activity and protein content determrnation. 
Enzyme acttvtty was determmed as descrtbed m Ref [l] 
Protem content was measured according to Ref. 1211 

Aminoncid conposrtton Samples were hydrolyzed wrth 
6N HCI for 24 hr at 100” m sealed tubes under vat HCl was 
removed under vat and the ammoacid content determmed m 
an autoanalyzer 

Optimum activity conditions. The enzyme was assayed 
over the 4.0-10.4 wtth the followmg 50 mM buffer systems. 
acetate pH 4 O-5.2, maleate pH 5 Z-6.8, Tns-HCl pH 7 O-8.8 
and glycme-NaOH pH 8.8-10.4 In order to overcome the 
different nature and tonic strength of these buffer systems, 
the pH ranges of them were overlapped. Fructose-1,6- 
dtphosphate, Mg”, EDTA and cysteine were assayed at the 
concn stated m Results, and Ca”, Mn*‘, Zn”, Sr*‘, Co”, 
Cd” and Cu*’ tested as Mg2’ substnuted in the range 
2.5-10 mM concn; all these acttvators were used as chloride 
Fmally, the effect of temp on enzyme activity was studied by 
mcubatmg between 4 and 75“ 

Substrate spec$ctty and enzyme stabihty 14 physiological 
sugar-phosphate esters were assayed at 4 mM concn 
nlucose-I-P. glucose-6-P. fructose-l-P, 
fructose-6-P, 

glucose- 1,6-P, 
iructose-1,6-P,- rtbose-5-P, gluconate-6-P, 

rrbose-I-P. rtbulose-15-P. galactose-l-P, galactose-6-P, 
sedoheptulose-1.7-P glucuronate-I-P, and glycerol-2-P 

Enzyme samples m dil (l-3 pg/ml) and cone 
(0.1-0.5 mg/ml) soln in SO mM acetate buffer pH 5 5, were 
premcubated at dtfferent temps between -18” and 60” for 

pertods from 30 mm to 4 months, and then enzyme activities 
determmed. 

Kmetic assays. Reaction rates were determmed at sub- 
strate concn between 0.6 and 3.0 mM, and the K,, values 
obtamed from the plots of I/v vs l/S The actrvatron energy 
was determined from plots of the log of mittal reactton rates 
at 4, 16, 28, 37, 45 and 60” vs l/T 
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