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The kinetics of the Zn(II) and Mn(II) catalysed hydrolysis of adenosine-5'-triphosphate in
aqueous solutions have been studied at 46°, 56° and 64°, over a broad pH range and p = 0-1 (KNO,).
pH-rate profiles have been analysed and the overall rate constants have been resolved into

specific rate constants relating to the various metal-ATP chelate species in solution.

Activa-

tion parameters, AHi, ASt and AF: for the specific rate constants of the various chelate species
are reported. Possible mechanism for the hydrolysis of adenosine-5'-triphosphate in the pre-

sence of Zn(IT) and Mn(II) ions are discussed.

N previous papers®? the kinetics of urcatalysed
I and Cu(II)-catalysed hydrolyses of adenosinz-5'-

triphosphate (ATP) werc reported. In  the
present paper a detailed physicochemical study of
the cffect of Zn(IT) and Mn(II) ions on the rate
of ATP hydrolysis is reported. Previous investi-
gations by Lowenstein® were only semi-quantitative
in nature and various buffer known to complex
with metal ionst were used to maintain a constant
SpH. In this study specific rate constants of the
protonated and nrormal chelate species of ATP
with Zn(II) ard Mn(II) jous were evaluated over
a broad pH range at 46°, 56° and 64°, and the
correspor ding activation parameters AH!, AS? and
AF? determined.

Materials and Methods

A chromatographically purc crystalline sample
of adenosine-5'-triphosphate dipotassium salt (Mann
Research Laboratories, USA) was used. Zn(1I)
and Mn(II) solutions wore prepared from analytical
grade metal salts and were standardized with
ethylenrediamine tetraacetic acid by the procedwe
outlined by Schwarzenbach5.

The experimental sct-up and procedure vsed for
studying tte catalytic effect of Zn(II) and Mn(II)
ions on the rate of ATP hydrolysis are essentially
the same as those described for the vncatalysed
and Cu(Il) catalysed ATP hydiolysisb2,  Kinetic
runs were carried out with equimolar amount. of
metal ion and ATP (~2-0x10-3M). First order
rate constants werc evaluated in the initial stages
of tae hydrolysis rcactiors, from plots of log a/(a—x)
against ¢ (where a = initial concentration of ATP
and ¥ = amount reacted in time #). Acid or alkali
were used to maintain a concstant pH throughout
the kinetic runs. Buffers were not used, since the
basic comporent of most buffers are known to
complex with metal ionss. All calculations were
carried out with an IBM 370/155 computer.

Results

First order rate constants evaluated from kinetic
runs with a 1:1 mole ratio of metal-ATP, at 46°, 56°
and 64°, over a broad pH range are listed in Tables 1
and 2. These constants have been corrected for
the spontaneous hydrolysis of the uncomplexed
ATP at a particular pH. The data in Table 1 show

TABLE 1 — EXPERIMENTAL AND CALCULATED RATE
ConsTaNTs (min-! X 10%) For THE Zn(IT) CATALYSED ATP
HYDROLYSIS

[k =01 (KNOg)

pH 46° 56° 64°
Expl Calc. Expl Calc. Expl Calc.
35 065 0-66 1-72 1-82 3-84 3-98
40 1-15 1-12 2-87 3-00 6-13 6:26
4-5 1-65 1-61 4-36 423 9-27 8:90
5-0 2-06 211 564 5-53 12:00  11-66
55 2-61 2-55 6-90 673 1494 1423
60 231 2-86 6-58 7-56 14:20  16-07
65 2-05 3-03 5-00 8-05 10-50  17-11
7-0 1-70 311 4-07 8-26 957 1759
7-5 1-25 313 376 8-34 7-40 1775

TABLE 2 — EXPERIMENTAL AND CALCULATED RATE
CoNsTANTS (min-! X 104) For THE Mn(II) CATALYSED
ATP HYDROLYSIS

[k = 01 (KNOy)]

pH 46° 56° 64°
Expl Calc. Expl Calc. Expl Calc,
35 0-14 0-15 0-93 0-94 1-90 2-02
4-0 0-59 0-61 1-56 1-58 311 3-29
4-5 0-88 0-84 2:18 2:14 4-57 441
5-0 1-08 1-04 270 265 5-59 5-48
55 1-26 1-21 3-19 312 6-58 6-50
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that in the presence of Zn(II) ions, the rate of ATP
hydrolysis increases with pH until a maximum value
is reached at about pH 5-75, and then decreases
with an increase in pH. Precipitation was found
to occur above pH 8. In the presence of Mn(II)
ions, the rate of ATP hydrolysis also increases with
increasing pH (Table 2). However, precipitation
in this case takes place at pH 6. The concentrations
of the metal-ATP chelate species were calculated
with the help of the thermodynamic data of Khan
and Martells, From th= concentrations of the metal-
ATP species, the corresponding mole fractions were
calculated. The values obtained at 56° are given
in Table 3. The overall experimentally evaluated
rate constants for the pH region up to 5-5 have been
resolved (by solution of simultancous equations)
into the specific rate constants relating to the
catalytically active protonated and normal com-
plexes of ATP with Zn(II) and Mn(IT). These values
along with the specific rate constants of the dipro-
tonated, monoprotonated and fully dissociated forms
of ATP are listed in Table 4. Correlation betwecn
the measured rate constants and the calculated rate
constants (obtained from the specific rate constants
of protonated and normal metal-ATP complex
species listed in Table 4) is good as shown in Tables
1, and 2 and Figs. 1and 2. The activation paramecters
AH?*, AS* and AF? for the hydrolysis of the metal-
ATP species have been evaluated and are listed in
Table 4.

TAaBLE 3 — MoLe Fractions ofF THE Zn(II)-ATP aAxD
Mn(I1)-ATP CHELATE SPECIES IN SOLUTION AT 56°

lw =01 QINO,}]

pH Zn(I1)- Zn(11)- Mn(I1)- Mn(11)-
ATPH- ATP2- ATPH- ATPr
3-0 0-078 0-004 0-045 6-003
35 0152 0022 0-093 0-020
40 0-202 0-092 0-131 0-091
45 0-176 0-254 0-115 0-253
50 0-104 0-476 0-068 0-470
55 0-046 0-671 0-030 0-659
6-0 0-017 0-794 0-011 0-781
65 0-006 0-859 0-004 0-847
70 0-002 0-886 0-007 0-876
75 0-897 0-886
8-0 0-900 0-899

Discussion

Zn(1I) and Mn(1I) interact moderately with ATP4
to foim two types of metal complex species, namely
a protonated complex and a normal complex. The
mole fractions of these metal species in solution, as
a function of pH at 56°, are given in Table 3.
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Fig. 1-— ptl-rate profile for the Zn(Il) catalysed ATP

hydrolysis it = 56°, u = 0-1 (KNO,). Solid line— calculated

rates, O-—measured rates. Similar pH-rate profiles were
obtained at 46° and 64°]

TaBLE 4 — SrecrFic Rate ConsTANTS (min™? x 104 AND ACTivVa110N PARAMETERS* FOR THE UNCATALYSED AND
MeTAL Cararysep ATP HyDprorLvysis

tw = 0-1 (KNOy)]

ATP species 46° 56° 64° 78° AHt AS? AFt
(kcal/mole) (e.u.) (kcal/mole)
H,ATP?* 1:87 -0-10 5-7540-24 376 0-15 31-2 10-9 27-6
HATP 16352006 450015 2371014 278 0-3 277
ATP* 0-364-0-23 0-76--0-34 2:634 0-25 20-9 —24-0 28-7
Zn(I1)-ATPH- 3-89£0:07 10-6 +0-06 23:01:0-08 211 —16-4 26-5
Zn(11)-ATP?* 3-47 £0-09 9:30-0-09 199+ 0-10 21-0 —169 266
Mn(II)-ATPH" 3:45+0-10 9-10--0-09 19-34+0-13 20-5 —18-5 266
Mn(II)-ATP? 1-64-L0:08 4:32-0-11 9:154.0-06 20-4 —20-3 271

*Reference temperature = 56-0°.

952



KHAN & MOHAN: Zn(II) & Mn(II) CATALYSED HYDROLYSIS OF ATP

2.8

2.0

ke, mivTx 10°

1.6

1.2p

1
0 &0 50 6,0
PH

Fig. 2 —pH-rate profile for the Mn(II) catalysed ATP

hydrolysis [t = 56°, u = 01 (KNO,). Solid line—calculated

‘Tates, O—measured rates. Similar pH-rate profiles were
obtained at 46° and 64°]

The rate law for the hydrolysis of ATP in the
‘presence of Zn(II}) or Mn(II) 1ons is given by

—dL
7 — kobs. [TL] -u(l)

where
kobs. = k1M1+k2M2

T = [Me-ATPH-]-+[Me-ATP? |
Me = Zn(II) or Mn(1l) es(2)

ky and k, are the specific rate corstants and M, and
M, are the corresponding mole fractions of the pro-
tonated and normal Me-ATP species, respectively.
A comparison of the specific rate constants of
Zn-ATPH- and Zn-ATP? species with those of the
uncomplexed ATPH3- and ATP# species (Table 4)
shows that Zn(II) ions ircrease the rate of hydrolysis
by a factor of 6-5 and 26-0 respectively at 56°. The
corresponding increase of the rates of protonated
and normal ATP complexes in the presence of Mn(II)
ions, as compared to the uncomplexed ATPH- and
ATP# species, is by a factor of 5-6 and 12-0 at 56°
respectively. Zn(II) ions are thus more effective
than the Mn(II) ions in catalysing the rate of ATP
hydrolysis. o
The magnitude of the entropies of activation,
ASt (Table 4) for the protonated and normal ATP

complexes with Zn(II) and Mn(II), suggests a
bimolecular Sy2 mechanism?. The catalytic effect
of Zn(II) and Mn(II) ions can be attributed to two
factors, namely (i) the screening of the negative
charge and (iijy the polarization of the P-O bonds.
On complexation with the ATP molecule, the
bivalent metal ion reduces the negative charge by
two units. Due to this screening of the negative
charge on the phosphorous oxygen atoms, the
approach of a nucleophile to the site of attack is
facilitated. Further, the complexation of the metal
ion with the oxygen atoms of the phosphate chain
will result in the withdrawal of clectrons from the
oxygen atoms to the sites of metal binding. This
leads to polarization of P-O bond, the phosphorous
atom becoming much more positive. Nucleophilic
attack on the polarized phosphorous atom will thus
be greatly facilitated. Cu(II) is found to be a more
effoctive catalyst?, as compared to the Zn(Il) or
Mn(II). This greater effectiveness of the Cu(II)
ions can be traced to the higher stability of the
Cu-ATP complexes as compared with the corres-
ponding complexes of Zn{II) or Mn(II)é. Stronger
interaction between the metal ion and the ATP
molecule leads to a greater degree of polarization
of the P-O bond leading to higher rate of hydrolysis.
The data in Table 4 show that the monoprotonated
ATP complexes with Zn(II) and Mn(II) are slighly
more rteactive than the corresponding normal
complex species. This is expected on the basis of
the lower negative charge on the monoprotorated
species, and also the polarization of the phosphorous
atom undergoing at.ack by both the metal ion and
the proton on the Y-phosphorous atom. Onpn the
basis of the similarity in the stability constants of
the Zn(Il) and Mn(II) complexes with ATPS, it is
to be expected that these metal ions would be equally
effective as catalysts in the hydrolysis of ATP. The
reason for the lower activity of Mn(II) ions as
compared to the Zn(II) ions is due to the difference
in the metal-ATP structures. NMR studies®?® show
that Zn(II) ions are coordinated with the g- and
Y-phosphate oxygens of the ATP molecule, while
Mn(IT) ions are found to interact with all the three
phosphate oxygens, namely «, B and Y. Since
Zn(Il) ions are bound only to the two terminal
pbosphate oxygens, its polarizing effect would be
mainly concertrated on the B- and Y-phosphorous
atoms. In the case of Mn(II), however, binding
to all the three phosphate oxygens, would lead to
polarization of all the three P-O bonds, resulting
in an overall lowering of polarization of each
individual phosphorous atom. In other words, the
Y-phosphorous atom may be more positive ir. the
Zn-ATP complexes than in the Mn-ATP complexes,
leading to higher rate of hydrolysis in th: former
case than in the latter. The Sy2 hydrolysis of ATP
in the presence of Zn(IT) and Mn(II) ions, involving
the nucleophilic attack by a polar water molecule,
may be diagrammatically represented as in Figs. 3
and 4 respectively.

The data in Table 3 shows that the Zn-ATP chelate
species increase in concentration from 679, at pH
5-:50 to 909, at pH 8. The rate of ATP hydrolysis
will also be expected to increase with pH in
accordance with the relationship (2). However,
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Fig. 3 — Mechanism for the Zn(II) ) catalysed ATP hydro-
lysis [A — protonated complex; and B — normal complex]
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Fig. 4 — Mechanism for the Mn(II) catalysed ATP hydro-
lysis [A — protonated complex; and B — normal complex]
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above pH 575, the rate of ATP hydrolysis in the
presence of Zn(II) ions is found to decrease with
increasing pH (Table 1). This behaviour is similar
to that obtained in the presence of Cu(II) ions2.
In the Cu-ATP system, it has been shown by Khan
and Martell8 that hydioxo species are involved. Itis
tnercfore possible that in the Zn-ATP systems also,
hydroxo species may be formed above pH 5-75.
No such evidence was obtained by Khan and
Martcll® at 40°. It is, however, possible that at
higher temperatures used in the present work,
hydroxo species may be formed. It is interesting to
note in this connection that formation of hydroxo

species has been reported in the Zn-ATP chelate
systemsl®,
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