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WY: Analogues of ATP and diadencsine 5',5"' -Pl,P4+etraphosphate, Ap4A, have been used 
to explore the specificity and mechanism of the proto-ATPase activity of the macrocyclic 
polyamine [241-N602 (1). The results shcw that (1) has exonuclease-like activity and 
support a mechanism that is dissociative in character within a pre-associative scheme 
resulting fran receptor-substrate binding. 

An exciting developnent in the field of suprarrclecular catalysis has been the discovery of a 

macrccyclic polyamine (1) capable of proto-AWase, protokinase, and protophosphatase 

activity.l-3 The pro&mated macrocycle acts as an anion receptor and binds nucleotides in 

theorder ATP > AUP > AMP. It is a true catalyst, converting ATP first, rapidly, into AUP 

and then, more slawly, into AMP and Pi in an effectively pIi-independent process, 3<pIi<9. In 

addition, (1) has hen shown to catalyse the hydrolysis of acetyl phosphate,2 in which case 

there is conccfsnitant formation of pyrophosphate. 

NH HN 

'Ibemechanisnts bywhich these proto-enzymic processes operate are not clear. It has 

beensuggested that catalysis might involve acidic, electrostatic, and/or nucleophilic 

catponents.l-3 Rcwever, the observation of an Ij-phosphorylated intermediate in the 

macrocyle-catalysed hydrolysis both of ATP and of acetyl phosphate would seem to demand a 

nuclecphilic pathway.l-3 The mode of physical association of nucleotide and macrocycle is 

equally difficult to determine. Three possible binding nudes have been considered: involving 

interactions with P ,P ; 
B Y 

P,,P,,P,: or Pol,P ; of which the latter is illustrated (2). 

The elucidation of the catalytic machan& of action of this system is of especial 

importance because it is capable of such diverse, prototypal enzyme activity and may thus 

broadenour understanding of enzyme-mediated phospboryl transfer processes themselves. We 

have made and characterised a range of nucleotide analogues4 which have many applications as 
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mechanistic probes. Through replacesent of a labile oxygen bridge by a stable carbon 

linkage, one can study the reactivity of phosphate anhydrides which otherwise might have 

been masked in the parent nucleotide. Accordingly, we have carried out a preliminary study 

on the macrocycle-catalysed hydrolyses of sans nucleotide and dinucleotide analogues (Table). 

TABLE: Hydrolyses of ATP and other nucleotide analcgues by the Macrocycle-[241-N602. a 

Substrate b PHc [Macrocyclel/Ml [Substratel/rrM 105 xkobs /,,,in-ld 

rrppP (ATP) 6.0 0.5 0.5 910 2 30 

APPNHP 6.7 0.5 0.5 370 + 10 

ApCHzPP 6.5 0.5 0.5 992 4 

APPCJ?2P 5.2 0.5 1.0 5 f. 0.5 

APpCClzPPA 6.1 0.5 0.5 <l e 

a All reactions performad at 6OQZ in 101~4 aguous KC1 and carried out in sealed vials 
(1 - 2.M); 10~1 aliguots taken for analysis, quenched by cooling to OOC and imediate 
dilution by injection into the hplc columu. 

b ATP (Na+ salt) and a,B-n&hylene ATP (Li+ salt) fran Sigma; adenylyl-imidcdiphosphate 
U!ppNHp) frcan Boehringer Mannheim. Syntheses of Q,~-difluoranethylene ATP (Na+ salt) 
and of B,B'-dichloranethylene Ap4A (Na+ salt) have been described previously.4 

cpHwas foundtovarybylessthan 3% over the courseofthe reactions. 

d Observed first order rate constants were calculated by over-relaxation analysis of data.5 

e Reaction too slow to measure accurately. 

Hydrolyses were followed by injecting reaction aliguots into a Zorbax-NH2 analytical hplc 

column (isocratic elution, pH 6.5, 0.5nM ammnium phosphate mobile phase) and monitoring W 

absorbance at 2581-m as a function of retention time. Peaks were assigned by cmparison with 

retention times of authentic samples. The change in concentrations of reactants and 

products withtimewas followed by gravimetric analysis of UV peak traces frcm hplc 

analysis. Substrates with labile B,y-phosphate bridges (Table, entries l-3) were 

hydrolysed to give ApXpY and Pi (X = 0, CH2; Y =O,NH2). Both of the other substrates 

(Table, entries 4 & 5) were slowly cleaved at the a,&bridge to give AMP. 

The imido-diphosphate bridge of adenylyl-imidodiphosphate, AppNHp, is cleaved by (1) at a 

rate slower than, but of the same order of magnitude as, that of the pyrophosphate bridge of 

ATP. This result is not suprising as this cmpound is well-known to be a labile analogue of 

ATP, susceptible to facile, acid-catalysed hydrolysis.6 The second ATP analoguewitha 

labile s,y-linkage, ApCK2pp, is hydrolysed almost an order of magnitude more slowly than is 

ATP. We have observed a similar retardation in the cleavage of a pyrophosphate adjacent to 

a methylenebisphosphonate in the utilisation of AppCHzp by an RNA polymerase,4a which can be 

attributed to the poorer leaving-group ability of the phosphonate oxyanion. However, the 

most striking result is the relative stability to hydrolysis of the 6,y-difluoranethylene ATP 

and of the 8,B'-dichlorcmathylene Ap4A analogues.7 The resistance of these canpounds to 

cleavage strongly suggests that the macrccycle (1) preferentially catalyses the cleavage of 
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terminal phosphate groups. This result both identifies the protophosphatase activity of (1) 

as being exolytic and it lends itself to speculation concerning the cleavage of ATP by the 

macrocycle (1): does an associative or a dissociative mechanism operate? 

Firstly, let us assume an associative S+q2P mschanismand a symstrical binding mode of 

nucleotide to the mcrccycle, as in (2). In this situation, both a- and y-phosphoryl 

centres appear to be equally subject to nucleophilic attack by the central amino group 

(Fig 3). Consideration of the established preferred dynamics of phosphorus trigonal 

bipyramidal, TW, transition states and intermsdiatesS suggests two possible origins for the 

observed selectivity of nucleophilic attack only at the tenninaly-position.9 On the one 

hand, there could be a reguiremnt for proton transfer fran the attacking amine to a 

phosphate oxygen (Fig 3, R = -0-I either prior to attack or in the TRP transition state: the 

mechanistic advantage for such a process is difficult to gauge.10 Ontheotherhand, there 

might bs sans steric hindrance to the formation of a TRP with an adenosyl group in the 

equatorial position (Fig 3, R = Ad-). That could give rise to an equatorial/apical 

interaction, well-known to be unfavourable in phosphorus TRP's when the apical ligand bears a 

bulky a-substituent.11 That likelyhood appears remote in this case (Fig 3). 

(Fig 3) (Fig 4) 

Alternatively, the selectivity shmn here for hydrolysis of a terminal phosphate 

mm-ester linkage may be interpreted in term of a dissociative mechanism (Fig 4). 

phosphate monoester monoanions typically hydrolyse by an SR~P mchanisn,l2 as has also been 

argued for the hydrolysis of ATP in solution.13 In the present case, one might envisage the 

nmrccycle (1) catalysing such an S$P process by facilitated proton transfer fran a R,-CH 

group either to the bridging or to a %-oxygen. Such a proton transfer and formation of a 

"mstaphosphate" anion is not possible for non-terminal phosphates. 

Although other explanations cannot presently be excluded, it appears thatthemst 

reasonable interpretation of the observed pattern of reactivity favours a catalytic mechanism 

involving a metaphosphate-type, dissociative process.1~14 The evidence for metaphosphate as 

an intermediate in the hydrolysis of phosphate monoesters and related caqmunds has been 

revi& critically by Jencks :lS who concludes that there is no convincing evidence for the 

existence of a metaphosphate intermediate in dilute aqueous solution but says that a 

metaphosphate with a lifetime too short to allaw diffusion cannot definitely be excluded. In 

the present situation, there is little distinction between a true dissociative process and a 

pre-associative mechanism that requires scms involvevent for the nitrogen nucleophile in the 

transition state. Even if such nucleophilic participation is not required, it is clear that 
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the amine is held in close proximity to the incipient metaphosphate species because of the 

cunplexation of substrate and catalyst.l5#16 It would appear that chiral phosphate 

analysis17 or PIK experiments18 may prove unable to establish conclusively the difference for 

thesams reasons that such experiments have proved tobeambiguousin enzyrnschemistry. 

The best mechanistic analysis of these data wculd suggest that wphorolytic activity 

by the macrocycle (1) with ATP and its analcgues results from the advantages of a classical 

"lnetiphosphate" process being built into a preassociation mechanism as a consequence of ths 

induced intramolecularity brought about by the polycationic nature of (1). 

Such a conlusion would certainly justify the description of (1) as a protoenzyms! 
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