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A. INTRODUCTION 

In biological systems the role of phosphoryl (PO,) transfer reactions in 
the storage and utilization of energy, as in the formation and hydrolysis of 
ATP, is well known [l]. Another well known feature of bio-phosphate 
chemistry is the structural stability of phosphate (RO-POX-OR) and pyro- 
phosphate (R-0-PO,-0-PO,-O-R) diesters in the backbones and links of 
complementary strands of DNA. PO, transfer reactions involve rupture of 
normally very robust P(v)-0 bonds, as evidenced by the inertia of poly- 
phosphates (ATP) and phosphate esters to uncatalyzed hydrolysis. Thus, the 
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ability of enzymes, literally, to direct such processes (like the hydrolysis of 
ATP) to take place when the system needs energy and not allow the 
hydrolysis of structural phosphate esters to occur in the same system, creates 
an intriguing mechanistic problem. The fact that metal ions% usually Mg2’, 
participate in the enzymic processes has led to considerable research into the 
hydrolysis of polyphosphates and phosphate esters as catalyzed by or 
effected by metal ions [2]. Our group has had a modest interest in such 
reactions for about 14 years since Scott and co-workers discovered that 
oxidizing VO 2 ‘- complexes of PPP, and ATP produces a 1000 fold increase 
in the hydrolysis rates induced by VO*+ [3]. We have also, in collaboration 
with Sargeson’s group in Canberra, investigated hydrolyses effected by 
complexes formed of N,Co(OH)(OH,)*’ complexes with polyphosphates 
[4,5]. The latter can be studied using 3’P NMR which gives structural 
information on precursor complexes, intermediates, and products. We can 
now compare the behavior of labile and inert metal ions, and structural and 
kinetic factors promoting and inhibiting phosphoryl transfer processes. 

In all cases, results indicate that the metal ion effecting hydrolysis is 
bound monodentate to a terminal-PO< group with OH- or O’- ligated in a 
cis position poised for nucleophilic attack on a P(V) center. Two active 
complexes which we have postulated and previously reported are shown in 
Fig. 1 [3,4]. One labile VO”+ can coordinate and effect scission of terminal 
PO, from linear triphosphate [3] while two tn,Co”’ must bind to pyrophos- 
phate already chelated to en,Co’ i and, with concerted nucleophilic attack 
on one P(V) center and electrophilic attack on the bridging oxygen, effect 
scission of the most robust P-O--P bond known [5]. Here we see Co(II1) 
atoms performing all the functions required of the active center in pyrophos- 
phatase (described by Dunaway-Mariano and co-workers [h] (Fig. 2)) where 
pyrophosphate chelated to one Mg*+ is bound in a pocket designed to 
provide for nucleophilic attack on P(v) at one end of the pyrophosphace 
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Fig. 1. Representative activated states for metal assisted hydrolysis of triphosphate [3] and 
pyrophosphate [4]. 



295 

Fig. 2. Schematic model for the active site in pyrophosphatase [6]. Mg(H,0)4PPi is hydrogen 
bonded to the enzyme. A second Mg2+ may be positioned for nucleophilic attack by OH-. 
This figure is modified from ref. 2 by suggestions of in-line attack of OH- on a P(V) center 
opposite the P-O bridge to be broken, and that the second metal ion is bound monodentate 
to the pyrophosphate. 

(e.g. OH- bound to a second Mg2+) and electrophilic attack (e.g. by H+) at 
the other end or on the bridging 0 atom (Fig. 2). 

Similarly, an active enzyme site for ATP-H,O + AMP + PPi has been 
characterized by Fersht [7] as having pockets in which the adenosine, sugar, 
and triphosphate portions would each fit and bind by non-covalent interac- 
tions to the protein. The nucleophile in this case could well not be OH- 
ligated to bound metal ion, unless the metal ion itself were part of the 
template in position to attack the a-phosphorus. In vitro in aqueous solution 
at pH 7, we find that metal ions (Co(II1)) with coordinated OH- bind to the 
more basic y-phosphorus of ATP leading to hydrolysis of the terminal PO, 
to form ADP and Pi. 

With these postulated models for enzymic scission of P-O-P bonds in 
pyrophosphate and triphosphate for reference, this paper will report on 
recent and current results of the hydrolysis of various pyrophosphates and 
triphosphates complexed with V=03+ and tn,Co3+ giving relative rates and 
structures deduced for active complexes and activated states like the exam- 
ples given in Fig. I. Much of this will be work in progress or in the process 
of being written for subsequent publications on the individual systems 
described. 

B. HYDROLYSIS OF TRIPHOSPHATE AND PYROPHOSPHATE BY LABILE V=03+ 

Hydrolysis of triphosphate [3] following oxidation of V(N) complexes, 
[VO(P30,, )] 3 - and KV%(P3%)I-~ is shown in Scheme 1. VO(P,O,,)7,- 
does not hydrolyze. V(V) bridging two triphosphate ions cannot attack 
either one with a coordinated 02- or OH-. 

All hydrolyses follow first order kinetics, which is best interpreted if one 
assumes complete formation of the complexes in Scheme 1 in 2 : 1, 1 : 1, and 
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Scheme 1 

1 : 2 VO/P,O,, ratios at 0.005 M triphosphate, pH 3 and T = 25 o C. V(V) 
complexes do not affect the 31P NMR signals, except to broaden the lines 
and remove the fine structure. If the postulated complexes are very labile, 
then such a result with NMR is possible. All conclusions we have been able 
to make on V(V) induced P-O-P bond scission and the structure of 
activated states has had to be inferred from kinetics and stoichiometry using 
chemical intuition [3]. 

(i) Hydrolysis of pyrophosphafe 

Recent results (Fig. 3 and 4) show a very different pattern for V(V) 
induced hydrolysis of pyrophosphate [8]. 1 : 1 Solutions hydrolyze so slowly 
that no attempt was made to follow them to completion during early studies 
of the oxidized vanadium system [3]. A recent attempt to follow the 
hydrolysis with 31P NMR over about two weeks, projected as necessary for 
the completion of the reaction, revealed a pattern of auto-acceleration (Fig. 
3). Reactions accelerated until a large fraction of the P,O,“- had hydrolyzed 
and then became first order with a common half-life. Increasing the 
V(V)/P,O;- ratio increased initial rates until at a ratio of 4 : 1 the reaction 
became first order initially, with the same half time as that observed at the 
end of the autoaccelerated reactions. This suggests that the reactive complex 
contains four V(V) species attached monodentate to the four basic oxygens 
on the P@- ion and hydrolyzes according to Scheme 2. 

Hydrolyses of oxidized complexes of V(IV) are much faster than of 
complexes formed by mixing solutions of VOC with polyphosphates in 
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Fig. 3. Hydrolysis of 0.1 M PPi at pH = 1. Auto-accelerated hydrolyses of pyrophosphate 
induced by oxidation of (V02+ ),PPi complexes. The value of n for each run is indicated by 
each curve. First order hydrolysis occurs when n z 4. 

HYDROLYSIS of O.IM PPi 

Fig. 4. A plot of constants for initial rates in Fig. 3, vs. concentration of oxidized vanadium 
present. The linearity of the plot of the cube of excess V03+ over that needed to form a 1: 1 
complex suggests that (V03* ),PPi is the complex which hydrolyzes. 
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Scheme 2, With all four basic oxygen atoms bound to VO: the vanadium cannot chelate by 
substitution but can only induce nucleophilic attack on P(V) centers and assist hydrolysis by 
electrophilic attack on the bridging oxygen. The long ( - 2 h) half time for this process 
indicates the low probability for this activated state to occur. 
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which case equilibrium with incomplete complex formation is established. 
The higher charge on V02+ permits complex formation to be complete, 
initially. 

C. STUDIES USING THE Co(II1) COMPLEX, tn,Co(OH)(OH),)‘~+ (I) 

Hydrolyses of polyphosphates are effected by substitutionally inert cis- 
N,CO(OH)(OH,)~+ complexes f4,5,9-171. Hydrolyses of ATP and ADP are 
each effected by two moles of tn,Co(OH)(OH,)“+ per mole of polyphos- 
phate [15,17] while that of linear triphosphate (P30:,) is enhanced by 
7.5 x lo4 relative to free triphosphate by three moles of cyclen- 
CO(OH)(OH,)~+ [lo]. Many 1 : 1 chelated complexes have been isolated for 
similar N,Co(III) polyphosphates which show little, if any, enhancement of 
hydrolysis. Chelation of the inert Co(II1) atom prevents nucleophilic attack 
on P(V) centers; binuclear and trinuclear Co(II1) complexes limit one or two 
Co(II1) centers to monodentate binding to phosphates and thus are able to 
effect hydrolysis. Our group has been studying reactions of 
tn,C0(0H)(0H,)~’ (complex formation and hydrolysis) with phosphates 
(esters and complexes) which contain terminal POj groups with only one 
basic oxygen, or are adjacent to a PO, group with no basic oxygen to which 
Co(II1) might chelate. Chemical shifts due to bound Co(II1) are useful 
(Table 1) in identifying reactants, products, and intermediates over time as 
complexes form and decay and hydrolyses occur [4,5]. 

(i) Properties of tn2Co(OH)(OH,)2 i (I) 

This ion (I) undergoes rapid exchange with H,O (- 1 s) and so forms 
monodentate complexes fast with phosphates in aqueous solution. The OH-’ 
does not exchange rapidly. In neutral solution it will chelate with ortho, 
pyro, and triphosphate or form a bridge between two phosphates giving a 
rise in pH due to the loss of the OH- ligand. The ion was usually available 
in the truns form as the perchlorate, but is nearly 100% cis in aqueous 
solution. It can eliminate water forming a cES-p,p’-dihydroxy bridged dimer. 
Under the conditions of our studies it is liable to reduction by water giving 
paramagnetic Co(II1) species which spoil NMR signals. 

Experiments are initiated by adding solid trans-tn,Co(OH)(OH,)(ClO,), 
to solutions of the phosphate complexes to be studied. Monodentate com- 
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TABLE 1 

31P Chemical shifts for typical phosphates; complexes and structures 

Complex 

PO; - 

p*o;- 

a VS H&4,’ 

(ppm) 
+6 

-6 

Complex a vs H,PO,/ 
(PPm) 

0 
N, i,O, ,0-Cotnp- 

/j”\*/P\\O +31 to 35 

N 

0 0 

-6, -19 

f\ 

N\c~,o\p/o 
N/ I\,/ No +24 

t/ 
N 

I I 
o=p-o--P=0 

I I 

O\ I /O 

/=p 

+4 

Add Co(II1) monodentate (+ 6 to 8 ppm): bidentate (+ 10 ppm); add Co(III) bidentate (+ 10 
ppm for each bond); add PO; (- 12 ppm); add Ht (- 1 to - 3 ppm). 

plexes form in seconds assisting the solution process and preventing dimer- 
ization of &(I). Table 1 shows some typical a values versus H,PO, for 
some typical phosphates, complexes, and structures, and the additive a 
values to be applied for different atoms and groups found bound to PO:- in 
these systems [4,5,9-12,14,15]. 

(ii) Reactions of tn2Co(OH)(OH2)2 + with terminal PO, groups having one 
basic oxygen atom 

(a) N4 Co(P0,) chelates 
Figure 5 shows the sequence of NMR signals observed during the overall 

reaction shown in Scheme 2 [13]. The sequence is essentially the same 
regardless of whether the four nitrogen atoms on the initial Co(III) chelated 
orthophosphate are supplied by 2 en, 2 tn, or 4 NH, ligands. 
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Fig. 5. “P NMR signals vs. time for the reaction 0.10 M en ,CoPO, chelate (a = 24 ppm) with 
0.1 M tn,Co(OH(OH,)2i m unbuffered solution: pH rises from 6.5 to 7.7 (Scheme 3). 

I*0 Exchange experiments indicate that no P-O bond breaking occurs in 
this system [13]. Thus, only complex formation of (I) with a monobasic 
terminal PO, takes place. This involves four principal steps: (1) Monoden- 
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tate binding of truns-(I) to the basic oxygen of the chelated orthophosphate 
(31P singlet at 32 ppm.) (2) Substitution of a second chelate for the OH on 
(I) forming a tram bridging complex between two chiral chelates, raising the 
pH (31P doublet at 31 ppm). (Presumably the binding- of Co(II1) to two 
phosphates slightly towers the a values for monodentate Co(II1) on the P(V) 
NMR signal.) (3) T rans complexes become cis in the polar solvent, at first 
accompanied by dissociation of one chelate from the tram bridged complex 
to give a cis complex of (1) bound monodentate to chelate (31P doublet at 35 
ppm). (4) A cis-Co(II1) bridged complex forms in which all three Co(II1) 
centers are chiral (31P doublet at 34 ppm). One half of the doublet appears 
to change to the other half, becoming a singlet in about a week’s time. These 
signals at 31-35 ppm represent the probable signals to be found when a 
PO, group is hydrolyzed by action of bound (I) analogous to the V(V) 
action described in Fig. 1. The system appears to approach equilibrium with 
most of the product phosphate present as the product of step (4), but with 
each of the other species present in small amounts. The NMR signal of the 
starting chelate is broadened indicating that some labile monodentate com- 
plex is formed with (I) as well as inert complexes giving the well defined 
chemical shifts. 

In acid solution, the chelate ring opens before (I) is added. The first, and 
principal, reaction with (I) is 

HO 
l n2Co - l n2Co 

\OH, \OH 2 

24 wm 12 mm 35ppm 

giving the product of step 3 in Scheme 3 [13]. 
(NH,),CoOPO,, which has two basic 0 atoms on the PO< group, gives 

mixed products with (I); some chelate (33 ppm) and some Co(III) bridges 
between two molecules of (NH,),CoOPO, (16-18 ppm) [9]. 

Preliminary trials indicate that AMP also gives primarily a monodentate 
complex with (I) at pH values from 4-10. Cyclic AMP gave no reaction with 
(I) in neutral solution, the signal for cyclic AMP being unperturbed by the 
addition of (I)_ Evidently the one basic oxygen on this diester is too weak to 
bind Co(II1) in (I). H,POy and HPOi- react incompletely with (I) giving a 
mixture of bridged complexes and the chelate described above. The latter 
can be isolated, crystallized and used for studies like that in Scheme 3. 
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(iii) Reactions of (I) with complex pyrophosphates with one basic oxygen on one 
or both terminal PO,- groups, A 

Essentially equivalent results are obtained when the four nitrogen atoms 
are supplied by 2 en, 2 tn, or 4 NH, molecules. The stable six-membered 
ring forms rapidly and quantitatively at pH 7 in 1 : 1 solutions of labile (for 
water exchange) tn2Co(OH)(OH2)2+ (I) and P,O;- to give inert tn,CoP20, 
which is easily isolated as the uncharged acid. 

/O_ 
o--P=0 

/ \ N,Co 

\ 7 o--P=0 

‘0 

- 

//O 
o--P=0 

e n2Co 

- 1 ’ ‘0 (II) 
\ / 

o--P=0 

lo 

In 1979 Hubner and Milburn [ll] reported a dramatic increase in the 
hydrolysis rate for pyrophosphate in the presence of tn,Co(OH)(OH,)‘+ at 
two or three times its concentration, with a I : 3 ratio deemed optimum. In 
1984 our group reported [4] results, using NMR, of reacting en2CoP20; (II) 
chelate with (I). A run from that study is presented in Fig. 6 together with 
Scheme 4, describing the course of reaction through intermediates, to yield a 
very specific product. Only one of seven possible - 33 ppm signals de- 
scribed in Fig. 5 is seen as a rather sharp singlet. 

Several additional features to the reaction can now be described in 
addition to the optimum reactant ratio of 1 : 2, pH 7. first order kinetics for 
hydrolysis, and specific product previously discussed [14]. 

(a) Kinetics and stoichiometry 
The kinetics and stoichiometry at pH 7 are very like those for V(V) and 

triphosphate, except that the second Co is necessary for hydrolysis to occur 
at all. Similarly, with a stoichiometric ratio of two (II) to one (I), no 
hydrolysis is observed: with a 1 : 1 ratio, about 25% hydrolysis occurs. 25% 
1 : 2 Complex would be expected if (I) formed monodentate complexes 
completely with basic sites on (II). Such would account for the 25% 
hydrolysis in 1: 1 solutions, the first order, 100% hydrolysis in 1 : 2 solutions. 
and the fact that lowering the ratio to 1 : 3 does not alter the rate of 
hydrolysis [14]. However, the presence,of 4 ppm signals characteristic of free 
(II) or at least open basic sites on (II)’ during 1 : 2 runs seems to deny that 
possibility [4]. We suggest that the broadening of the 4 ppm signal is due to 
the formation of a very labile monodentate complex at all basic sites in 
bridged or chelated intermediates. If this is correct the behavior of (I) where 
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pH = 6.5 
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t,/ \,] pH =7.7 

D 

Scheme 3 

it must form monodentate complexes is completely analogous to the behav- 
ior of V03+ when it is bound to polyphosphates. 

(b) Specific product 
All attempts to isolate the specific product have failed [4,14], even though 

Fig. 5 strongly suggests that it is formed quantitatively. Every manipulation 
attempted caused it to dissociate to the tn,Co(PO,) chelate. This fragility is 
further shown in Fig. 7 for a 1: 2 run at 35 O C [14]. 

(c) Change in temperature (Fig. 7) 
Increasing temperature above 25” C does not accelerate hydrolysis and 

may even slow it down if exotherrnic formation of complexes is sufficiently 



PPm 30 20 10 0 

Fig. 6. 3’P NMR signals vs. time for the reaction 0.05 M en,CoP,O; (d = 4 ppm) with 0.1 M 
tn,Co(OH(OH,)2+ in 1.0 M TEA buffer at pH = 7, T = 25 o C (Scheme 3). 

retarded. A 31P NMR study of the hydrolysis of 0.05 M tn,CoP,O; by two 
moles of (I) at T = 35 O C shows the fragility of the single product observed 
at 33-34 ppm at 25 O C. At the higher temperature hydrolytic opening of the 
six membered ring is accompanied by cleavage of a Co-O-P bond in the 
same ring and the formation of truns-tn,Co=O,PO,-Cotn,-OH (or OH,) 
corresponding to signal A in Fig. 5. The broad signal at a - 7-8 ppm in the 
35 and 65 min spectra is typical in systems where Co(II1) in (I) is being 
slowly reduced to paramagnetic Co(U). The broad signal at 28 ppm is 
consistent with three monodentate bonds of Co(II1) to PO:- or with three 
Co(II1) bridges between two orthophosphates. 

Lowering the temperature to 13” C slows down both complex formation 
and hydrolysis dramatically. We estimate values of activation parameters as 
AN8 = 38 kcal and ASt = + 60 e.u., characteristic of a highly organized 
activated state. 
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Fig. 7. Same reaction as Fig. 6 at T = 25 o C. 



(d) Role of the second Co center in activation 
The postulated role of the second Co(II1) atom, to assist hydrolysis 

electrophilic attack on the bridging 0 in P207 in (II), has been tested 
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bY 
bY 

reacting (NH,),CoP,O, chelated to (I) with a second molecule of (I) [4]. 
The monodentate complex formed has all the features of the activated state 
in Scheme 4 except that the pentammine Co(II1) cannot be an electrophile 
or a nucleophile at pH 7. Hydrolysis in this system occurs, but roughly two 
orders of magnitude slower than for the reaction in Scheme [4]. 

Fig. 8. 31P NMR signals for the products of reaction of three successive additions of 
equimolar tn,C0(0H(0H,)~+ to 0.1 M ADP (Scheme 4). 
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(iv) Reactions of (I) with a pyrophosphate monoester, ADP 

Hediger and Milburn [17] observed in 1982 that ADP and ATP could 
each be hydrolysed by two moles of (I). We have found that at pH 7 careful 
addition of (I) to ADP produces quantitatively an CY. p chelate in solution as 

-10 ppm 0 
II ; 3- + 2 H20,jo,N 2+ 

Ad-O-P-O-P-O 

-6 ppm HO’ ’ ‘N N 

1 pm 

Ad-O-P-O-P-O 

a$ chelate N’/ lN 
N 

34 mm 
+ -1 

Scheme 5. Hydrolysis of ADP. 
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determined by NMR (Fig. 8) [15]. This complex is structurally analogous to 
the pentammine Co(III) complex described above, but in contrast, it is easily 
hydrolyzed by an additional molecule of (I). Adenosine appears to so 
activate the P-O-P bond as to remove the necessity of electrophilic attack 
on the bridging oxygen to assist (I) coordinated to the terminal PO, in 
cleaving the -O-PO, bond. The acids of AMP, ADP, and ATP are 
relatively strong, making the basicity of -0-, to which PO, is bound, 
relatively weak. Figure 8 and Scheme 5 show the end result of adding one, 
two, and three moles of (I) successively to ADP [15]. The second step clearly 
involves cleavage. A tn2Co(POq) chelate bound to the first tn,Co is a 
principal product. This is not the exclusive product, however, indicating 
some reaction of (I) with cleavage products leaving some unreacted AD- 
PCotn, at the end of the reaction. The third step consumes all remaining a, 
/? chelate and produces a variety of products yet to be sorted out. 

(u) Reactions of (I) with a pyrophosphate diester, NAD 

In early studies with oxidized vanadium complexes, it was noted that 
hydrolysis of the diesters APA and APPA was much slower than that of 
ADP and ATP [3]. Further, NADH is often a reducing agent present in 

49min. 

2 min. 

Fig. 9. 31P NMR signals for NAD and the products of reaction with (I). Scheme 6 follows the 
course of limited reactions that occur. 
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13.2 ppm 
0 

b 

16.3 ppm 

Scheme 6 

systems in which oxidative phosphorylation takes place. NAD is a dinucleo- 
side with a pyrophosphate bridge similar to that joining the ends of 
complementary strands in the DNA double helix. It has but one basic 
oxygen on each end of the pyrophosphate. None of these pyrophosphate 
esters appear to undergo hydrolytic decomposition in biochemical systems 
where phosphorylation is taking place. The reactions of (1) with NAD are 
described in Fig. 9 and Scheme 6. The most striking feature of this system is 
the very limited amount of complex formation. Small signals do appear for 
monodentate Co-NAD ( -4 ppm) and bidentate Co=NAD ( - 1.3 ppm), 
and corresponding monophosphate complexes form by hydrolysis of the 
monodentate species ( -t 13 and -i- 16 ppm). Also, significant broadening of 
the “P NMR signal for NAD suggests weak. labile coordination is occur- 
ring. Further investigation of this system will be made. It is quite likely that 
steric hindrance will prevent two molecules of (I) from coordinating as has 
been required for hydrolysis of all other pyrophosphates studied so far. 

(vi) Protection of RO_? POPO, R structures against hydro&tic decomposition in 
biochemical systems 

NAD is too weak a base to be competitive with other phosphates in 
coordination to metal ions. This could very well be the source of its 
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protection against hydrolysis in phosphorylating and hydrolyzing bio- 
chemical systems. This combined with steric hindrance, may well provide 
the necessary protection for pyrophosphate diesters in phosphorylating 
systems. 

D. REACTIONS OF (I) WITH CHELATED TRIPHOSPHATES WITH AT LEAST ONE 
TERMINAL PO, WITH ONE BASIC OXYGEN 

(i) Reactions of (X) with a tridentate cobalt(III)-coordinated triphosphate, 
tacn Co(P,O,,) 2 - 

This complex [5] has two tridentate ligands coordinated to opposing faces 
on the octahedral Co(II1) center (I), and like V03+ on free triphosphate, can 
only coordinate monodentate to either, or both, of the terminal PO, groups. 

11 wm 
III ;;/“\ 

i”\ ,*_~_o:cot”2 

“\,,/ \ ’ + 
co -o--P=0 -10 ppm - 

50 % 

? 
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3 PPm II 
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1 II 1 ,g 

& , o-po~:“o 

I/\ + 
co-o--P=0 

I Y> f 

7 ‘Y\, /OH2 
N 0-P-o-cotn, 

II 
0 

O- Cotn, 
I I 

o=p-0 
I 

0-cotn* 
I I 

o=p-0 
I 

34 pm 

/“\/” ii 
2 /co~~~~-o~cotn2 + 

N lr” 
0 

14 PPm 

Scheme 7. Reactions in 1 : 1 solutions of (tacn)Co(PPP,) (0.05 M) and tn,Co(OH)(OH,)2+. 
Assume that tn&o(OH)2+ binds monodentate to half the terminal PO, sites in 
(tacn)Co(PPP,)*-. Statistically, this should produce 50% complex (I), 25% complex (II), and 
25% free (tacn)Co(PPPi). Complex (I) hydrolyzes as shown by a first order process, t,,, = 3 
min. Complex (II) hydrolyzes as shown also with t,,, = 3 min. In this case the second 
tn,C0(0H)~+ coordinates to the newly basic oxygen atom on the P-phosphorus atom 
producing chelated PO:- and P,O$- both bound to (tacn)Co3+. The free (tacn)Co(PPPi)2- 
does not hydrolyze. Only 75% of the original (PPP,) is hydrolyzed as observed [5]. In 1 : 2 
solutions complex (II) forms completely and 100% hydrolysis of y-PO, is observed with 
t 1,2 = 3 min again. 
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This it does, producing complexes which undergo first order hydrolysis 
(P-O-P bond scission) with a half-time of about 3 min, the fastest such 
reaction yet observed [5]. In this case the two metal ions on either end do 
not double the rate of the hydrolysis, the second merely chelates to the 
newly basic middle P(V) center after hydrolytic cleavage at the other end. In 
contrast to results with chelated pyrophosphate, a galaxy of products is 
obtained with as many as 14 signals seen in the 31-35 ppm region of the 
NMR spectrum [5]. Scheme 7 shows the mechanism that has been deduced 
for this system. 

(ii) Reactions of (I) with other triphosphates 

P,O:,- , ATP, and cyclic P,O;- are being examined by the technique 
applied to ADP (see Fig. 8, and Scheme 5). Preliminary results indicate that 
careful addition of equimolar (I) to these three species produces the LY, /? 
chelate of P,O:, , the p, y chelate of ATP [17], and fast hydrolysis of two 
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thirds of the cyclic P,Oz- to form a variety of complexes of Pi, PPi, and 
PPP, with one and two molecules of (I). 0.05 M Solutions of each reagent 
were used. Addition of a second mole of (I) to each system gave the 
following results. 

-10 ppm -2oppm 
0 0 0 4- 

I I I 
Ad-O-P-O-P-O-P-O 

I I I + 
0 0 0 -6 ppm 

H20doiN *+ 
HO” ‘N N 

Ad-O- P-0-P-0-P-0 

-10 ppm 
p.y cnelate 

c 0. 

HO'I'N N 

Ad-O-P-O-P-O 

Scission 
I 

Scheme 9 
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(a) Hydrolysis of (Y, j3 tn,C0P,0~~- by (I) [18] 
The major product of reaction of the chelate with a second molecule of (I) 

is tn,CoPO, (24 ppm). This means that (I) reasonably coordinates monode- 
ntate to the most basic oxygen on the y-phosphorus atom of the (Y, ,8 
chelate, and then hydrolyzes the terminal O-PO, bond, forming chelated 
tn,CoPO,. Hydrolysis is a first order process with a half-time of about 20 
min. The mechanism is given in Scheme 8. 

(b) Hydrolysis of the /3, y chelate of (I) with ATP 
In this case, 34 ppm signals appear as soon as the second (I) is added 

cleaving the y-O-PO, and forming a chelated PO:- still bound monoden- 
tate to the first Co(II1) center. Scheme 9 indicates the course of this reaction. 
It is interesting that the basic site on the cx phosphorus is not attacked by (I). 
This site is both weakened as a base and sterically hindered by the adenosine 
ester bound to the cy phosphorus. 

(c) Hydrolysis of cyclic triphosphate, P,O: -’ 
One cannot distinguish experimentally between: (1) scission caused by 

direct attack on a P(V) center by OH- ligated to tn,Co” followed by 
anation to give the two observed products; and (2) Scheme 10. In compe- 
tition experiments with stronger bases (P,Oi; , P,O;--, and HPOi-)P,Oi- is 
not hydrolyzed by (I). This suggests strongly that anation of (I) creates a 
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complex which can hydrolyze P-O-P bonds as in all the other cases studied. 
In less than 2 min at least half the P,O;- present is converted to the 
products shown, This sets an upper limit for the half-time for this hydrolysis 
in the range of seconds. The products are better bases than P,Oi-, and 
prevent complete hydrolysis even after reaction with a second mole of (I). 

E. DISCUSSION 

Cornelius has given three mechanistic steps for acceleration of polyphos- 
phate hydrolysis by inert metal ions (Co(II1) and Pt(I1)): (1) coordination of 
the metal ions to reduce the nucleophilicity of the polyphosphate; (2) 
coordination of a second metal ion having cis coordination positions availa- 
ble; (3) hydrolytic attack by the c&hydroxide on the polyphosphate chain. 
We have shown variations on this theme, namely: 

(a) Pyrophosphate requires two additional metal ions in step 2. 
(b) Labile V(V) skips step 2 for triphosphates, because it is not able to 

form inert chelates which block step 3 in 1: 1 complexes of N&o with 
polyphosphates. 

(c) On the other hand labile V(V) re q uires the addition of 4 metal ions to 
pyrophosphate before step 3 can occur. Both labile V(V) and inert Co(II1) 
must cover all basic oxygens in pyrophosphate. One Co(II1) can tie up two 
sites by inert chelation, so one less metal ion is required. Recently Cornelius 
and co-workers [18] have reported hydrolyses of polyphosphates accelerated 
by inert, square planar, c&(NH,),P~(OH)(OH,)~ (III). In this case some 
accelerated hydrolysis occurs even for 1 : 1 complexes in the presence of 
excess polyphosphate. This places (III) between Co(II1) and V(V) although 
even V(V) acceleration is blocked by excess triphosphate. (III) seems un- 
likely to coordinate to more than one polyphosphate and that by chelation. 
However, substitution on inert square complexes is more facile than on inert 
octahedral complexes, such that a 1 : 1 complex of triphosphate with (III) 
could aquate at a moderate rate producing the c&OH- nucleophile to 
attack a P(V) center. 

(d) Cyclic triphosphate (P,O,“-) with (I) appears to go directly to step 3. 
No complex from step 1 is detected and (P302-) is not attacked competi- 
tively by (I) when more basic linear triphosphate and/or pyrophosphate are 
present. 

Table 2 presents a list of metal polyphosphate complexes which undergo 
hydrolysis (postulated from kinetics and detected with 31P NMR) together 
with estimated half times for their internal hydrolysis. 

We do not pretend to be making model systems for enzymic phosphoryl- 
ation reactions and hydrolyses. Clearly there are many factors available for 
activating and deactivating polyphosphates and for assisting and resisting 
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TABLE 2 

Complexes which hydrolyze 

Complex Approximate 

t1/2 

Ref. 

Trlphosphotes 

li 

3- 

o-_p-O-P-o-P-_o-v~o a 

I 
0 

I:i 
O-P 

I 
0 

o=v- - 

i 

0 0 

i ii 

2- 

o-_p-_o-p-_o-_vEEO a 

I I 
0 0 

ii ii ii + 
o-P-o--P-o-P-o-v~o a 

I I I 
Minutes 

0 

il 
0-P-0-P- 

I I 

Days 3 

Minutes 

i i 
1 _;;__---y” ? 

O-P-O-P-0-PCO-Pt-NH, a 

I I 

O\ /O 
3 

Pt. undetected 

/\ 
H3N NH3 

O\ /“1, 
.O-Co-N 

/\ 
N N 

LJ 

20 min 

May be very fast 

(4 h) 
for formation and 
decay 

3 min 

3 

10,19 

18 

5 
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TABLE 2 (continued) 

Complex Approximate Ref. 

Ad-O-P-O-P-O 12 min 17 

0.~ chelate 
N’I’N 

N 

complex not detected 

Pyrophosphates 

2 Seconds 

20 min 

Hours 

20 

15.16 

4, 14 
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TABLE 2 (continued) 

Complex Approximate 

il/2 

Ref. 

__ 
tn2 4+ 

Hcl~c’o ._ 

/i%bpKo 
etl*C0 

\ 

Ok.. ,0H2 

O\ / / 
Cotn, 

P-O 

i 

36 min 

-2h 

a Species postulated from kinetics, not detected with “P NMR 

complex formation by metal ions with the proper geometry and conditions 
for allowing such complexes to provide nucleophilic attack on P(V) centers. 
We have not as yet found a system which can use a phosphate as the 
nucleopbile to transfer a PO, group to a phosphate or polyphosphate. 
Cornelius and Cleland [21] did report reversible phosphoryl transfer between 
N,Co(III)-ATP complex and &D-glucose-phosphate. We have been unsuc- 
cessful in attempts to attack tn,Co(P0,H)(H20)+ in acid conditions to 
prevent formation of the chelate tn,Co(PO,). Nucleophiles with which 
tn,Co’+ can form bridges with polyphosphate complexes are being sought. 

ACKNOWLEDGMENT 

Thanks and credit are due all colleagues and students whose published 
and unpublished work I have cited. 

REFERENCES 

1 A.L. Lehninger, Biochemistry, Worth, New York, 1972. 
2 I-I. Sigel and F. Hofstetter, Eur. J. Biochem., 132 (1983) 569. 



319 

3 G.H. Wolterman, R.A. Scott and G.P. Haight, J. Am. Chem. Sec., 96 (1974) 7569. 
4 1.1. Creaser, G.P. Haight, R. Peachey, W.T. Robinson and A.M. Sargeson, J. Chem. Sot., 

Chem. Commun., (1984) 1568. 
5 G.P. Haight, Jr., T.W. Hambley, P. Hendry, G.A. Lawrance and A.M. Sargeson, J. Chem. 

Sot., Chem. Commun., (1985) 488. 
6 (a) Wilson B. Knight, Steven W. Fitts and Debra Dunaway-Mariano, Biochemistry, 20 

(1981) 4079-4086. 
(b) Debra Dunaway-Mariano, Pacific Basin Chem. Congr., Honolulu, December, 1984, 
paper, no. 04A16, A look at Phosphoryl Group Activation. 

7 A.R. Fersht, Plenary Lecture (Enzymic Catalysis by Non-Covalent Interactions), 4th Int. 
Conf. Mechanisms of Reactions in Solution, Canterbury, Kent, 1986. 

8 G.P. Haight, Jr. and K.M. Rahmoeller, unpublished work. 
9 (a) D.R. Jones, L.F. Lindoy, and A.M. Sargeson, J. Am. Chem. Sot., 105 (1983) 7327. 

(b) J.McB. Harrowfield, D.R. Jones, L.F. Lindoy, and A.M. Sargeson, J. Am. Chem. Sot., 
102 (1980) 7733. 

10 (a) P.R. Norman and R.D. Cornelius, J. Am. Chem. Sot., 104 (1982) 2356. 
(b) R.D. Cornelius, Inorg. Chem., 19 (1980) 1286. 
(c) R.D. Cornelius and P.R. Norman, Inorg. Chim. Acta, 65 (1982) L193. 
(d) T.P. Haromy, P.F. Gilletti, R.D. Cornelius and M. Sundaralingam, J. Am. Chem. Sot., 
106 (1984) 2812. 
(e) J. Reibenspies and R.D. Cornelius, Inorg. Chem., 23 (1984) 1563. 

11 P.W.A. Hubner and R.M. Milburn, Inorg. Chem., 19 (1980) 1267. 
12 F.V. See1 and G. Bohnstedt, Z. Anorg. Allg. Chem., 435 (1977) 257. 
13 G.A. Lawrence, G.P. Haight, M.D. Johnson and A.M. Sargeson, unpublished work. 
14 I. Creaser, G.P. Haight, Jr. and A.M. Sargeson, to be published. 
15 M. Hediger and R.M. Milbum, ADP Hydrolysis Promoted by Co(III), in L.D. Quin and 

J.G. Verkade (Eds.), Phosphorus Chemistry, Paper no. 43, Proc. Int. Conf. Phosphorus 
Chem. (1981), American Chemical Society Symposium Series No. 171, Washington, 1981, 
p. 211. 

16 Walter Loomis. Senior Thesis, University of Illinois, Urbana, 1985. 
17 M. Hediger and R.M. Milbum, J. Inorg. Biochem., 16 (1982) 165. 
18 R.N. Bose, R.D. Cornelius and R.E. Viola, Inorg. Chem., 24 (1985) 3989. 
19 D. McCollum and G.P. Haight, unpublished work. 
20 M.D. Johnson and G.P. Haight, unpublished work. 
21 R.D. Cornelius and W.W. Cleland, Biochemistry, 17 (1978) 3279. 


