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SUMMARY. Adenosine monophosphofluoridate has been synthesised and purified to
remove all contaminating AMP. This AMP analogue fails to activate glycogen
phosphorylase b, even at high concentration, but inhibits the AMP activation
with a Ki value of 3 mM. Activation of phosphorylase b by adenosine phosphor-
amidate has beemr re-investigated in the light of these findings and a purified
sample of this nucleotide analogue has been shown to produce little or no acti-
vation of the enzyme. These findings are interpreted in terms of an absolute
requirement of the nucleotide activatorsite in phosphorylase for a nucleotide
with a dianionic phosphate. The implications of this for the role of the phos-
phate moiety in the proposed mechanism of activation are discussed.

Glycogen phosphorylase b shows an absolute requirement for AMP for cata-
lytic activity while phosphorylase a is active in its absence, but can be acti-
vated a further 20% by binding of this nucleotide. AMP, however, binds to
phosphorylase a an order of magnitude more tightly than to phosphorylase b.

Many experiments have been performed with numerous nucleotide analogues to
determine the binding and activation specificity of phosphorylase b for nucleo-
tide (1,2,3,4,5,6). From these studies it was concluded that the 5'-phosphate
moiety of the nucleotide is critically required for the activation while the
precise structure of the nucleoside moiety was less critical. However, both
the phosphate and the purine ring are involved in binding. Of the AMP analogues
modified in the 5'-phosphate, only adenosine 5'-phosphorothicate and adenosine
5'-phosphoramidate showed activation of the enzyme. In the case of adenosine
5'-phosphorothicate (7), which would be dianionic under these experimental con-

ditions, (pKa = 5.3 (8)) activation parameters were similar to those exhibited

by AMP. Adenosine 5'-phosphoramidate, which is monoanionic, showed much weaker

Abbreviations: AMPF = adenosine 5'-phosphofluoridate; DTT = dithiothreitol.
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binding (Ka = 3 mM) and Vmax values up to 76% of that shown by AMP (1,2,6). It
thus appeared that while a 5'-phosphate group was essential for activation, it
need not be dianionic. Indeed, it was suggested (2) that a hydrogen was required
on the nucleotide phosphate group for activation of phosphorylase b. However,
31? MMR studies of adenosine 5'-phosphorothiocate bound to phosphorylase indicate
that it is bound in a dianionic form. (9,10). Recent assigmments of arginine
residues at the AMP binding site of phosphorylase a and b by chemical techniques
(11,12) and the X-ray crystallographic identification of three arginine residues,
Arg 308, Arg 309 and Arg 242 at the phosphate binding pocket to chelate the phos-
phoryl group (13) all indicate a highly positively charged binding pocket. This
implies a binding site more suited to a dianionic than a monoanionic phosphate.
In order to investigate this requirement, we have synthesised adenosine
5'-monophosphofluoridate. This compound has only a single negative charge on
its phosphate group and thus provides an excellent analogue for testing the
importance of the overall charge of the nucleotide phosphate in the activation
of the enzyme. Since the fluorine atom is smaller than the hydroxyl group (Van
der Waals radii equal 1.35 X and 2.20 & respectively), binding of this nucleotide
should not be hindered sterically: differences in activation properties can then
be assigned to charge differences. The apparent conflict between the experiments
described and those performed previously with adenosine 5'-phosphoramidate has
been investigated by purification of the phosphoramidate and redetermination of
its activation properties. The results of these latter experiments are also

described.

MATERTALS AND METHODS

Rabbit muscle glycogen phosphorylase b was prepared by the method of Fischer
and Krebs (14) using DTT instead of cysteine, and recrystallised at least three
times before use. Phosphorylase a was prepared from phosphorylase b with phos-
phorylase kinase (EC 2.7.1.38) (15). Initial reaction rates were determined at
30°C by the Fiske-Subbarow phosphate analysis in the direction of saccharide

synthesis as described by Engers et al. (16). The buffer used in all kinetic
experiments was 50 mM triethanolamine hydrochloride, 100 mM potassium chloride,

1 mM DTT, 1 mM EDTA adjusted to pH 6.8.

AMP, adenosine 5'-phosphoramidate and buffer chemicals were obtained from
Sigma Chemical Co. except for DIT which was obtained from Bio-Rad Laboratories.
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Fluorodinitrobenzene was obtained from Fastman Kodak Co. and all other chemicals
from Fisher Chemical Co.

Adenosine 5'-phosphofluoridate was prepared by the method of Wittman (17)
and was purified by gradient elution (10 mM/100 mM) with ammonium bicarbonate
buffer from a DE52 ion exchange column in the carbonate form at pH 8. The freeze
dried ammonium salt was used for kinetic experiments. Adenosine 5'-phosphorami-
date was purified by the same method. Thin layer chromatography was performed

in the ascending mode on Macherey Nagel Polygram CEL 300 UV25 cellulose plates
in the solvent system isopropyl alcohol (7): ammonium hydrox1ée (1): water (2).

RESULTS

Purified adenosine 5'-phosphoflucridate was tested as an activator of phos-
phorylase b at concentrations ranging from 0.045 mM to 10 mM using 24 mM glucose-
1-phosphate. No activity of the enzyme could be detected under these conditioms,
whereas AMP activated with a Ka of 0.04 mM (2). AMPF was also tested as an in-
hibitor of the AMP activation of phosphorylase b . The data plotted by the Line-
weaver Burk method yielded curved lines which converged on a common value for
1/Vmax, suggesting competitive inhibition and positive homotropic cooperativity
between AMP binding sites. Similar inhibition patterns were observed with ATP
(18), which binds to the AMP site (19). Our data for AMPF yielded the Hill plot
shown in Fig. 1. A replot of the apparent Km's versus inhibitor concentrations
gave an apparent Ki of 2.7 mM. Thus AMPF binds weakly causing inhibition, but
cannot activate the enzyme. It does not, however, irreversibly inhibit the
enzyme since control experiments of enzyme incubated with AMPF showed no time-
dependent loss of activity.

Experiments performed with phosphorylase a in the absence of AMP at varying
concentrations (0.5 mM to 10 mM) of AMPF showed that some activation of phos-

phorylase a was observed at low concentrations of AMPF, but increasing concen-

trations of AMPF caused inhibition of the enzyme to rates below that observed
for phosphorylase a in the absence of AMP. This is probably explained by the
presence of a very low concentration (0.1% = 1 uM) of contaminating AMP., This
would be sufficient to provide partial activation of phosphorylase a (Ka = 2 uM)
but not of phosphorylase b (Ka = 40 uM). At higher analogue concentrations,

the inhibitory effect dominates, reversing the activation and giving activities
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Figure 1: Hill plot for inhibitjon of phosphorylase b by AMPF at varying AMP
concentrations. Concentrations of AMPF used were (0) 0 mM, (o) 5 mM,
(o) 10 wM, (m) 20 mM.
Inset: Replot of apparent Km versus inhibitor concentration.

lower than control. Control experiments using 1uM AMP demonstrated that phosphory
lase a was activated, but phosphorylase b remained essentially inactive. This
may indicate that AMPF inhibits phosphorylase a by binding at the nucleoside
(20) site rather than the nucleotide site since only by this type of inhibition
would activities lower than control be observed.

Commercial adenosine 5'-phosphoramidate was investigated as an activator
of phosphorylase b and results were obtained which were essentially identical

to those reported previously (1,2,6) with Ka ® 2 mM, Vm = 50 uM/min/mg.

516



Vol. 97, No. 2, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Adenosine 5'-phosphoramidate was purified as described in Materials and Methods,
and contaminating AMP removed. The amount of AMP contaminant isolated was
determined by UV analysis and found to constitute 3% w/w of the original sam-
ple. This purified adenosine 5'-phosphoramidate was then tested as an activa-
tor of phosphorylase b and found to have a drastically reduced activity (Vm =

4 uM/min/mg) though not a complete lack of activity. The purified material was
therefore investigated by thin layer chromatography as described in Materials
and Methods and found to still contain a small amount of contaminating AMP.
This purified material was then repurified by the original procedure and a
small amount (0.3%) of AMP contaminant removed. Kinetic experiments with this
repurified material, however, still showed similar activities but thin layer
chromatographic analysis of this sample revealed the presence of more AMP.

This AMP probably arises from spontaneous hydrolysis of the phosphoramidate to
the ammonium phosphate salt. Similar hydrolysis behavior has been observed

previocusly with phosphoramidic acid in aqueocus solution at pH 7 (21).

CONCLUSIONS

The total lack of activity of phosphorylase b in the presence of high
concentrations of adenosine 5'-phosphofluoridate indicates that the activation
process has an absolute requirement for a dianionic phosphate moiety attached
to the adenosine. The results Indicating greatly diminished activity with
purified adenosine 5'-phosphoramidate also support this hypothesis, as do the
results obtained previously (7) with adenosine 5'-phosphorothiocate, which is
the only nucleotide modified in the phosphate moiety capable of activating rab-
bit muscle glycogen phosphorylase b.  AMPF can, however, bind, as shown by
its inhibition of AMP activation. The pattern of its inhibition of phosphory~
lase b strongly suggests that it binds at the nucleotide site. The results
with phosphorylase a indicate that AMPF may be inhibiting by binding at the
nucleoside site since even in the presence of small amounts of contaminating

AMP, the compound can inhibit the action of the enzyme to values lower than
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those observed in the absence of AMP. Such inhibition could not be caused by
binding at the nucleotide site.

No irreversible inactivation of the enzyme was observed upon prolonged
incubation of the enzyme with the inhibitior as might have been the case if it
behaved as diisopropyl fluorophosphate does toward many esterases. This is
not, however, surprising, since experiments on other enzymes with several other
phosphofluoridates have failed to show any irreversible inactivation (22).

The array of arginine residues at the nucleotide site observed by X-ray
crystallography indicates a tight phosphate binding site well suited to a di-

anionic species, and a molecular mechanism of activation has been proposed (23)

on the basis of this data. This mechanism requires the phosphate moiety to act
as an anchor point in the binding of the nucleotide. Once anchored, the Tyr-75
residue of the protein moves closer to interact and stack with the adenine ring
and it is this movement that causes the allosteric conformational changes
throughout the molecule., These movements have been observed by X-ray crystal-
lographic analysis (24) of the activated and inhibited phosphorylase a. Such a
mechanism requires extremely tight binding of the phosphate moiety, and the
results described here would fit this theory very well. Presumably the lack of
activation by monoanionic nucleotides arises because the phosphate cannot anchor
itself tightly enough to cause the appropriate conformation changes. The inter-
action of the adenine ring with Tyr-75 has been observed in the tetragonal
crystals of phosphorylase b (19). This mechanism is also supported by previous
work (25) on 8-[m-(m-fluorosulfonyl benzamido)benzylthio]adenine which binds
covalently to phosphorylase b at the nucleotide site leaving the enzyme perma-
nently activated and with no requirement for AMP. In this case, the covalent
bond formed between the nucleoside and the protein serves as the anchor point
in the absence of a phosphate group. Similar enzymic conformational changes
can then occur to those observed with AMP.

An absolute requirement for a doubly charged nucleotide phosphate for

activation of phosphorylase is thus established and rationalised. Further con-
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firmation of the proposed mechanism of nucleotide activation awaits a more de-
tailed X-ray crystallographic analysis of both the activated and inhibited

forms of the enzyme.
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