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1. Introduction

Analogs of ATP bearing a sulfur atom on either a,
B or v phosphate groups were tested as substrates or
competitive inhibitors for various phosphotrans-
ferases [1—5]. Since both ATPaS and ATPSS exist in
two diastereomeric forms, arbitrarily named A and B,
use of these analogs offers information on the stereo-
specificity, as well as the stereochemistry, of the
phosphoryl group transfer reactions. The regulatory
enzyme phosphofructokinase (ATP; D-fructose-6-P-1-
phosphotransferase, EC 2.7.1.11) is an excellent
model system for such investigations, since adenine
nucleotides are used by this enzyme both as substrates
and as allosteric effectors.

2. Materials and methods

2.1. Chemicals

Isomers of ATPaS and ATPSS were synthesized as
in [5,6]. o'ITP was prepared by oxidative deamination
of adenosine-1-oxide 5'-triphosphate [7,8]. Other
natural or modified nucleotides, enzymes and sub-
strates were supplied by Boehringer Mannheim.

Abbreviations ATPaS, adenosine 5'-0O<(1-thiotriphosphate),
ATP3S, adenosine 5'-0O«2-thiotriphosphate); ATPyS, adenosine
5'-0-(3-thiotniphosphate), AMPS, adenosmme 5'-O-phosphoro-
thionate; o' ITP, inosine-1-oxide 5'-triphosphate, F6P, fructose-
6-phosphate, sATP, 6-mercaptopurine ribonucleoside §'-tri-
phosphate; SAMP, 6-mercaptopurine ribonucleoside 5'-mono-
phosphate
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2.2. Assay of phosphofructokinase activity

The reaction medium at 24°C contained per 1 ml
solution: 40 mM imidazole buffer (pH 7), 50 mM KCl,
6 mM MgCl,, 0.5 mM EDTA, 0.05 mM NADH, 1 mM
dithiothreatol, 0.1 mg bovine serum albumin, 0.8 U
triosephosphate isomerase, 0.8 U a-glycerolphosphate
dehydrogenase, 1.5 U aldolase, and different concen-
trations of F6P and nucleotides. The reaction was
started with punified rabbit muscle phosphofructo-
kinase and the A4 346 nm decrease was momtored with
an Eppendorf 1101 M photometer, equipped with a
W+W Type 4410 recorder (full-scale deflection, 0.25 4
units). Auxiliary enzymes as well as phosphofructo-
kinases were desalted prior to the assays by dialysis
against 0.1 M imidazole buffer (pH 7), 0.2 mM EDTA
and 1 mM dithiothreitol.

3. Results

3.1. ATP analogs as substrates or competitive inhib-
itors of phosphofructokinase

As shown in table 1 both diastereoisomers of
ATPasS are substrates for rabbit muscle enzyme,
exhibiting kinetic parameters closely related to the
natural nucleotide. On the other hand, both A and B
1somers of ATPSS are very weak substrates for phos-
phofructokinase, their efficiency expressed as k*/k
ratio 1s only 0.34% and, respectively, 0.14%, that of
ATP. As in the case of ATPaS, we have not found sig-
nificant differences in the behavior of the stereo-
isomers of ATPSS. As expected, ATPyS 1s not a sub-
strate for rabbit muscle enzyme, however 1t is a
competitive inhibitor.
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Table 1
Kinetic constants of rabbit muscle phosphofructokinase
for sulfur-containing ATP analogs
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Table 2
Allosteric inhibition of rabbit muscle phosphofructokinase
by ATP, ATPaS(A) and its reactivation by cAMP and AMPS

Nucleotide Ky orK, Vin 100 k*/k
(M)
ATP 15+2 1000 100
ATPaS(A) 152 0779 779
ATPaS(B) 18+ 2 0.429 357
ATPSS(A) 48+ 6 0.011 0.34
ATPBS(B) 64+5 0006 0.14
ATPyS 605 - -

The assays were carried out in imidazole buffer (pH 7) with
04 mM F6P. V', are relative to the normal substrate

(40 6 umol/min/mg protein), k and &* represent the relative
V /K 1atios for ATP and its analogs. The K| value for
ATP~S was determined from plots of 1/v against 1/ATP at
vartous concentrations of analog. The results are mean value
of 4 separate experiments

3.2. Allosteric effects of sulfur-containing ATP and
AMP analogs

Likewise ATP, ATPaS, A and B are capable of
producing an nhibition of phosphofructokinase by
binding to the regulatory site. The Iso values (the
corresponding concentrations for 50% mnhibition
under identical experimental conditions, 1.e.,1midazole
buffer, (pH 7), 0.04 mM F6P and 6 mM MgCl,) are
0.4 mM for ATP,0.48 mM for ATPaS(A)and 0.34 mM
for ATPaS(B). At 1 mM triphosphates the phospho-
fructokinase activity was mhibited by 94% (ATP),
86% (ATPaS(A)) and 92% (ATPaS(B)), respectively.
The allosteric inhibition by ATP or ATPaS was
counteracted by AMP or cAMP (table 2). The allosteric
effects of ATPBS are either absent (in the case of the
B 1somer), or much weaker (Iso for ATPBS(A) is
1.8 mM). In order to distinguish an allosteric effect of
ATP%S from that of competitive inhibition, we used
o!ITP, which 1s a phosphate donor similar to ATP but
lacking the allosteric effects, at pH 7 and 8, in the
presence of various ATPSS concentrations but with
constant o'ITP/ATPyS ratio [9]. From these experi-
ments, not shown here, emerged that ATPyS lacked
the ability of allosteric inhibition.

3.3. Irreversible inhibition of phosphofructokinase by
incubation with ATPoS(B) and AMPS
AMPS like AMP or cAMP 1s able to stimulate the
ATP-inhibited phosphofructokinase, but in a lesser
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Nucleotide (mM) V (umol/min/mg
of protein)

ATP  ATPaS(A) cAMP  AMPS

012 - - - 283
1.00 - - - 21
100 - 020 - 184
1.00 - 1.00 - 23.5
1.00 - - 020 52
100 - - 100 14.6
- 0.12 - - 207
- 100 - - 29
- 100 020 - 132
- 100 1.00 - 17.7

Assays were carred out in imidazole buffer (pH 7) with
0 04 mM F6P, 6 mM MgCl, and nucleotides as indicated

extent than the natural nucleotides (table 2). How-
ever, by incubating phosphofructokinase with AMPS
a progressive mhibition of the enzyme is observed
(fig.1). Similar behavior was shown by ATPaS(B),
the other analogs being less effective or ineffective.
ATP or other triphosphates, but not AMP or cAMP,
were able to protect the enzyme against the inactiva-
tion by AMPS or ATPaS(B). These results are inter-
preted as being the consequence of the interaction of
the above mentioned analogs with SH groups from
the active site of phosphofructokinase, since dithio-
threitol prevents the enzyme inhibition.

4. Discussion

With a few exceptions, ATP analogs with modifed
purine bases are good substrates for rabbit muscle
phosphofructokinase, this enzyme showing a rather
broad specificity for nucleotides as phosphoryl group
donors [9—11]. The interaction of nucleotides with
the allosteric site of phosphofructokinase is more
complex than that with the substrate site, and requires
both an intact adenine moiety and an intact terminal
phosphate group for full activity [9]. Our results with
ATP analogs containing sulfur in the phosphate chain
support this point of view. However, some points are
to be raised:

(1) All sulfur-contaming ATP analogs bind similarly
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Fig.l Inactivation of rabbit muscle phosphofructokinase by
AMPS and ATPaS(B) The reaction mixture contained at 4°C
and 0 5 ml final volume, 50 mM Tns—HCI (pH 8), 0.2 mM
EDTA, 0.1 mg phosphofructokmnase and 0.5 mM nucleotide
as specified. At different time intervals samples were taken
out (5 ul) for measurement of phosphofructokinase activity
as 1n section 2, at optimal concentrations of substrates, 1.e.,
0.3 mM ATP and 1 mM Fé6P. (o) Control, with ATP; (a)
ATP+S, (o) AMPS, (o) ATPaS(A), (0) ATPaS(B), ()

AMPS + ATP,

to the active site of phosphofructokinase, regard-
less of which phosphate group bears the sulfur
atom;

(i1) The catalytic and allosteric properties of ATP
analogs decrease progressively from ATPaS to
ATPyS. In other words, the presence of the sulfur
atom in the close proximity of the phosphate
bonds, increases the stability of these bonds
towards cleavage, without affecting to any con-
siderable extent the binding of the analogs to the
phosphofructokinase. In this way one can explain
why ATPyS, which 1s not a substrate for hexo-
kinase or other phosphotransferases [2] 15 a
substrate for £, coli DNA-dependent RNA poly-
merase [6], methionyl-tRNA-synthetase [1], or
adenylate cyclase [12]. Instead, ATPaS which is
a substrate for the majonty of the investigated
phosphotransferases, 1s ineffective as substrate
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for phenylalanyl-tRNA-synthetase [13], being an
inhibitor for adenylate cyclase [12];

(i1i) Unlike other phosphotransferases, which show
a greater specificity for one of the stereoisomers
of ATPaS, phosphofructokinase makes no dis-
tinction between the two forms of the analog,
whether substrates or allosteric effectors,

(iv) A comparison of the effect of the above analogs
with the effect of SATP and sAMP, in which the
sulfur atom 1s a part of the base structure, shows
net differences as regards the allosteric effects,
which depend pnimarily on the integrity of the
adenine ring. sATP 1s a good substrate for phos-
phofructokimase [11] but 1t does not bind to the
allosteric site. In much the same way, sAMP does
not reactivate the enzyme inhibited with excess
ATP.
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