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1. introduction 

The gluconeogenetic enzyme, fructose 1 ,&bisphos- 
phatase (FDPase) is composed of 4 subunits ]I]. Each 
subunit has an allosteric site for AMP at neutral pH 
[2]. The enzyme is also activated by monovalent 
cations such as K’ and NH: [3]. The specific inhibi- 
tion of the enzyme by AMP is one of the essential 
regulatory mechanisms of gluconeogenesis 141. 
Studies on chemical modification with pyridoxal 
5’-pllosphate have shown changes in the sensitivity 
to either allosteric AMP inhibition or to the high 
substrate inhibition of the enzyme [5,6]. The 
regulatory properties of the FDPase and the activa- 
tion by monovalent cations are affected when arginine 
residues are modified with butanedione [7]. 

Here, the characteristics of the modification by 

adenosine .5’-monophosphate 2’3’-dialdehyde (AMP,,) 
as welJ as the possible invaivenlent of lysyl groups of 
the enzyme in the interaction with AMP and the 
activation by monovalent cations were examined. We 
show that the AMP analog can be used as an affinity 
probe for the allosteric site. 

2. Methods 

Pig-kidney FDPase was isolated as in [8]. The puri- 
fied enzyme showed a single band on disc polyacryl- 
amide gel electrophoresis with spec. act. 30.5 unitslmg 
protein as measured in the presence of K’ in the assay 
system. The enzyme activity was measured by the 
formation of Pi from the substrate, fructose 1 $-bis- 
p~~osphate (FDP) as in 191. Enzyme dilutions were 
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always made in 20 mM Tris.-HC1 (pH 7.5) 2 mM 
MgS04 and 0.1 mM EDTA. FDPase concentrations 
were determined bydzsO, using0.755 forA.n~g-l.ml-l 

t51. 
The AMPox was prepared by oxidation of AMP 

with NaI04 [IO]. [r4C]AMPOx was prepared from 
[14C]AMP (New England Nuclear, 0.422 Ci/mmol). 
The oxidized analog was identified by ultraviolet 
spectroscopy and descending paper chromatography 
in isobutyric acid/NH40H/H20/0. I. M EDTA 
(66:1:32:1). 

The stable FDPase-AMP,, complex was formed 
by incubation of the enzyme with 10 mM AMP, 
(unless stated otherwise) at 30°C for 20 min in 
60 mM sodium borate buffer (pH 7.5) 0.5 M KC1, 
with subsequent reduction with solid NaBH,. The 
enzyme was dialyzed and passed through a 
Sephadex G-50 column equilibrated in buffer 20 mM 

Tris-HCl (pH 7.5) 0.1 mM EDTA. 
The incorporation of [ 14C]AMP0x (1.4 mCiJmmo1) 

in the enzyme was measured by precipitation of the 
modified FDPase with 12% trichloroacetic acid 
followed by ~ltration on Millipore filters and count- 
ing the radioactivity retained in the filters. 

3. Results and discussion 

It is known that AMP is a specific allosteric 
inhibitor of FDPase. However we have found that the 
oxidized analog is not an inhibitor of the enzyme and 
does not change the kinetic parameters for the sub- 
strate over a wide concentration range (0.005-S mM). 
This behavior is probably due to an altered inter- 
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Table 1 

Kmetlc characteristvzs of native and AMP,, -modified fructose 1 ,6-blsphosphatasea 
~~____ -.___ ~___ 

Modkatlon condition Act&yC % AMPd ~, AMP “AMPe 
ratio mhibition (PM) 

1 Control (treated with NaBH, jb 2 62 94 15 20 

2 Protection with FDP 10 mM I 35 36 122 10 

20 mM 2 73 64 52 11 

3 Protection with 2 mM AMP 1 69 18 34 17 

4 Protectlon with 10 mM I+DP 

and 2 mM AMP 2 70 88 17 I5 

5 No protection 1 50 21 187 11 
___-- 

a The FDPdse (4 5 mg/ml) wds treated with 10 mM AMP,, m 0 8 ml total vol as m section 2 

b This enzyme was subjected to the same treatment as the modified enzyme except for the omission of AMP,, 

‘The enzyme assays were performed m the presence and absence of 150 mM I;’ The ‘ratlo’ refers to the relative activity with and 

wlthout K+ 

d The enlyme activities were measured at 70 PM AMP 

e Hill coefficient 

action of the malog with the enzyme produced by 
S&ff-base formation 

Treatment of the enzyme with AMP,, followed 
by reduction with NaBH produced a stable derlvdtlve 
with dectemd sensltmty to AMP and decreased 
actlvatlon by monovalent cdtlons (table 1) 

Table 1 sumnarl7es the effects of FDP. AMP or 
both on the modlficdtlon of the enzyme by AMP,, 
As shown, the ratio of actlvltles measured In the 
presence and 111 the absence of K’ decreased after the 
lrrevetslbie modlficatlon of the unprotected enzyme. 
mdlcatmg ,I loss of the dctlvatlon produced by K’ 
Such loss of potassium activation was achieved at 
AMP,, as high as 10 WM. lowermg the actlvlty rdtlo 
to 1 5 Under these modlticdtmn condltlons the sub- 
strate protects the enzyme against the loss of the 
monovalent cation actlvatlon at >30 mM No 
protective effect of AMP Jane WJS observed but 
both AMP (2 mM) and FDP (10 IIIM) prevented the 
loss of the dctlvatlon by K’ after the modlficatlon of 
the enzyme The changes m this enLyme property 
after the AMP,, modlficatlon suggest the assoclatlon 
of d lysyl group with the nionovdlent cation site in 
the enzyme 

The treatment of the unprotected enLyme with 
AMP,, produced J marked change m the affinity for 
AMP, decleasmg consldelably the extent of mhlbltlon 
and mclemng the K, value In 1 order of magnitude 
with respect to the ndtlve enzyme (table I, fig 1A) 
A decrease in the Hill coefficient (11~) fol AMP 1s also 
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observed as a result of the modlficatlon mdlcatmg a 
loss of cooperatmty (table 1, fig 1 B) It IS shown that 
AMP has a partial protection against the loss of AMP 

sensltlvlty by AMP,, treatment Furthermore, both 
AMP plus FDP showed d remarkable protective effect 
on this enzyme property with the k’, value remaining 
unchanged dfter the modlficatlon (table 1, fig 1A) 
On the other hand, there 1s only partml protection of 
AMP or AMP plus the substrate against the loss of 

cooperatmty (fig 1B) The addltlonal effect of FDP 
on the protection of AMP against the loss of AMP 
mhlbltlon can be explmed by the requirement of the 
substrate for AMP binding [ 11 .12] and this finding IS 
in agreement with that reported [6] on modlticatlon 
with pyridoxdl 5’-phosphate 

The substrate shows also J slight protectlon effect 
of the AMP sensltmty of the enzyme but not of the 
cooperatmty The results of changes m the AMP 
mterdctlon after the modlficatlon suggest the presence 
of lysyl residues m the enzyme with differential 
redctmty reldted to the cooperatmty and the sen- 
sltlvlty to AMP 

The protection experiments indicate that it IS 
possible to modify selectively reactive lysmes 
involved m the regulatory properties of FDPase using 
high FDP concentrations during the AMP,, modlfica- 
tlon Thus the [14C]AMPo, mcorporatlon m the 
enzyme was measured under these protection condo- 
tlons and an mcorporatlon of 3 mol analog/mol 
enzyme tetramer was found (fig 2) When the modl- 
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Fig.1 (A) Inhibition by AMP of FDPase control (0) and modified under different site protection conditions: in the presence of 
20 mM FDP (o), 2 mM AMP (a), 10 mM FDP plus 2 mM AMP (o) and no protection (m). The modification was performed as in 

section 2 and the control was subjected to the same treatment except for the omission of AMP,,. (B). Hill plot for AMP inhibi- 

tion of fructose 1,6bisphosphatase from the data obtained in fig.lA. The data were plotted according to [ 131 and the lines were 

fitted using a least squares program. 
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fkation was performed in the absence of either AMP 
or FDP a covalent coupling of 4.1 mol AMP,,/mol 
enzyme was observed. Modification studies with a 
lower concentration of AMP,, (2.5 mM) under the 
substrate protection conditions produced a stable 
derivative (1 mol AMP,,/mol enzyme) presenting the 

Fig.2. Incorporation of [‘4C]AMPox into fructose I ,6-bis- 

phosphatase in the presence of 20 mM FDP, as a function of 

AMP,, concentration. Different aliquots of 0.2 ml enzyme 

(4.5 mg/ml) were modified as in section 2 using the [“Cl- 

AMP,, concentrations indicated in the figure. The inset 

shows a double reciprocal plot of the data. 
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same K, value of the control enzyme dnd tzH 1 5 for 
AMP Additional studies on the characterlzatlon of 
the modified enzyme m non-protective condltlons 
showed a dlmlmshed number of exposed sulfhydryl 
groups titrated with 5,5-dlthlobls (2-mtrobenzolc 
acid) (DTNB) Under these conditions 7 groups were 
titrated m the native enzyme as compared to 4 groups 
m the modified enzyme. suggesting a conformatlonal 
change associated with the modlficdtlon 

The studies presented here indicate that the AMP 

analog, AMP,,. can be used as an affinity 1Jbel for 
the regulatory site of the enzyme 

Addendum 

While this manuscript was m preparation, we 
learned that 8-azldo AMP appexs to be a photo- 

affinity probe for the allostenc AMP site. We are 
indebted to Dr F Marcus for sending us a manu- 
script of this result before pubhcdtlon 
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