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1. INTRODUCTION synthesis (5, 47, 79, 80, 83). Nevertheless, it has only

Some of the most biologically important low molec-
ular weight compounds are the adenine nucleotides.
Since ATP (adenosine 5’-triphosphate) was isolated in
1929, it has been found that it participates in almost
countless biochemical reactions. As early as 1935,
the primary chemical structure of the adenine nucleo-
tides was established and hss since been confirmed by
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been within the last 15 years that practical recognition
has been given to the fact that ATP and its analogs exist
in solution and especially in biological fluids as a mix-
ture of variously ionized, metal-complexed, and struc-
turally conformed species (54, 94, 121). Literally
dozens of such forms would be present in ordinary bio-
logical fluids. These three related factors have al-
ready been recognized as playing an important role in
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a variety of chemical and biological effects, e.g., the
thermodynamics of the hydrolysis of adenine nucleo-
tides (100), the rate of hydrolysis of ATP and adenosine
diphosphate (ADP) (55, 77), enzyme activation (16),
enzyme inhibition (65, 86), enzyme kinetics (14, 66, 87,
90, 104, 122), nonenzymatic activation of acetate (81),
nucleic acid structure (138-140), muscle contraction
(53), and the shock-producing ability of ATP (6, 46).
It is important, therefore, that the biochemist or
biologist concerned with adenine nucleotides know the
percentages and structures of the various species pres-
ent. Although this information is far from complete at
the present, it is hoped that the survey presented here
will be helpful in interpreting chemical and biological
studies involving adenine nucleotides, and will indicate
areas for future work in the ionization—complex forma-
tion—conformation of ATP and its analogs. Up to the
present, published material has been roughly divided
among the various aspects of the problem as follows:
equilibrium constants, 509,; physical studies, 30%;
thermodynamie data, 109; MO calculations, 5%;
kineties, 59%. These results have been collected here
up until Dec 1965. Many useful comparisons can be
made with corresponding studies of the inorganic phos-
phates; a few will be made in this paper. For a col-
lection of ionization, complex formation, and structural
data on the inorganic phosphates up until 1958, the
review of Van Wazer and Callis (127) and the book by
Van Wazer (128) may be consulted. For later de-
velopments, references 3, 60, 68, and 108 are pertinent.
Also helpful are compendia of stability constants and
thermodynamic data (27, 116, 136).

Nomenclature, Symbols, and Abbreviations.—The
structure and numbering system for adenosine 5’-tri-
phosphate, ATP; adenosine 5’-diphosphate, ADP;
adenosine 5’-monophosphate, AMP; and adenosine, A;
are shown by the following

NH, .

5 _N.
INFNE 8
EI \\CH adenine
283 N{

b o B0 totn

D(-)~-ribose

| A =Adenosine

AMP =Adenosine 5'-monophosphate
: ADP = Adenosine 5'-diphosphate

,—-

-~
ATP = Adenosine '5’'-triphosphate

The phosphate groups of the chains are denoted by
the Greek letters «, 8, and vy beginning with the phos-
phate group bonded to the p-(—)-ribose moiety. The

symbols atpH,, adpHs, ampHo,, and a, are used for ATP,
ADP, AMP, and adenosine when there is need to specify
various stages of ionization. The abbreviations, tma-,
teat, and tpat are used for the tetramethylammonium
ion, tetraethylammonium ion, and tetrapropylammon-
lum ion, respectively.

II. EQUILIBRIUM AND THERMODYNAMIC STUDIES

A. EQUILIBRIUM METHODS

A variety of methods have been used to determine the
ionization and complex formation constants for ATP
and its analogs. In this section, a short description
of each method will be given along with a reference to
the original paper on the method, where possible. Ref-
erences to subsequent papers describing developments,
limitations, or sources of error in the method will also be
given.

1. pH Titration

Tonization constants are, in general, directly and
simply measured by pH titration. Ionization con-
stants of metal phosphate complexes may also be de-
termined directly by pH titration where metal complex
formation is virtually complete, e.g., titration of ATP
and ADP in the presence of 30 mM MgCl: yields
directly the ionization constants of atpMgH~ and adp-
MgH (101). The pH titration method has the limita-
tion that in itself it gives no information as to where
the ionizing site is on the molecule.

pH titration in the absence and presence of com-
plexing metal ion has been extensively used for the de-
termination of complex formation constants. This
method seems to have been devised by Bjerrum and was
published in 1941 (7). Since then, this method has been
applied by several investigators to the adenine nucleo-
tide-metal complexes (2, 15, 18, 49, 56, 63, 64, 67, 84,
88, 91, 92, 98, 99, 113, 114, 117, 118, 126, 134).

In 1964, as a result of infrared and pH titrimetric
studies of ATP-M?+ complex formation it was stated
that “pH titrimetric data cannot be employed in cal-
culating reliable values of the formation constants for
the divalent metal ions” (67). However, it seems that
this statement must be qualified. It is true with re-
spect to the experimental conditions of one metal ion
concentration and one pH. It is not true with respect
to studies such as those mentioned above in which
several metal ion concentrations or several pH values
were used as a basis for calculation.

2. Resin Competition

The resin competition method is one in which metal
ion competes with a fixed amount of a suitable ion ex-
change resin in solution for the ligand. If the resin
concentration and the ligand concentration are held con-
stant and the metal ion concentration is varied, the
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metal-ligand binding constant can be obtained by the
proper plots of metal concentration and ligand distribu-
tion. This method seems to have been devised by
Schubert (112).

This method has been employed by several inves-
tigators in the study of metal-adenine phosphate com-
plexes (31, 91, 92, 97, 101, 129). One source of error
that has been reported is a resin saturation effect
caused by too high a concentration of ligand (129).

3. Spectrophotometric Metal Ion
Indicator Competition

In this method, a spectrophotometric metal ion in-
dicator is in competition with the ligand for the metal
ion. Optical density measurements of the concentra-
tion of metal bound by the indicator and the known
indicator equilibrium allow calculation of the metal-
ligand binding constant. Relatively few such studies
have been made on the adenine nucleotide-metal com-
plexes (17, 98, 99).

4. Ultraviolet Spectrophotometry

This method has been used for the study of ring
perturbation as an indication of ring-metal and ring-
metal-chain interaction (110, 111).

5. Infrared Spectrophotometry

The possibilities of employing infrared spectra as a
method for the determination of ionization and divalent
metal ion complex formation constants of ATP have
been explored by Khalil and Brown (67). It is re-
ported that: (1) the pD dependence of the ATP spec-
trum is markedly affected by divalent metal ions;
(2) metal ion coordination does not produce any signif-
icant frequency shifts in the ATP spectrum other than
those associated with the loss or gain of a proton; (3)
infrared spectral observations are clearly capable of
yielding information regarding proton dissociations of
ATP, which is in reasonable agreement with the more
precise titrimetric values; (4) pD shifts measured in
the infrared cannot be employed in calculating reliable
values of the formation constants for the divalent metal
ions.

However, as indicated above, with regard to the at-
tempted calculations of complex formation constants
by Khalil and Brown, one metal ion concentration and
one ratio of conjugate acid:conjugate base (1:1) were
used (67). From this it was correctly concluded that
the data were insufficient to yield complex formation
constants. However, variation of the conjugate acid
to conjugate base ratio and metal ion concentration
would give the necessary information (63, 64, 117, 118).
Given the added structural information provided by
infrared studies with regard to the site of ionization and
complex formation, this method seems to be a useful
one for the study of ionization and metal complex for-

mation of the adenine nucleotides. As yet, however, it
has seen only very limited application.

6. Fluorescence Metal Ion Indicator Competition

In this method, 8-hydroxyquinoline competes with a
ligand for metal ion in solution. From the known equi-
librium constant and fluorescence changes for the bind-
ing of metal ion by 8-hydroxyquinoline and the experi-
mental data, the metal binding constant of the ligand
can be calculated. This method was devised by Wat-
anabe, Franz, and Trottier in 1963 (133). It was later
applied to the Mg?+ binding of ATP and ADP (131,
132). It has the advantage of requiring only very
dilute solutions (0.04-0.10 mM for ATP) of ligand.

7. Interferometry

The change in refractive index with extent of reac-
tion is often large in the formation of complexes and,
in fact, is so for the formation of metal-adenine nucleo-
tide complexes. Interferometry, therefore, can and
has been used to determine the stability constants of
metal-adenine nucleotide complexes (4).

8. Eleciron Spin Resonance (Esr)

Electron spin resonance (esr) measurements were
first used by Cohn and Townsend in the investigation
of metal ion complexes of biochemical interest (26).
This method can be applied to complexes of ions or
molecules which are paramagnetic and has been applied
to manganese-adenine nucleotide complexes (23, 24,
26, 73, 98). Disappearance of the hyperfine esr spec-
trum of Mn?*+ on formation of complexes with ATP
and ADP made determination of the binding constants
of these complexes possible (26). However, an appara-
tus of high sensitivity is required for quantitative
measurements (23).

9. Nuclear Magnetic Resonance (Nmr) Titration

The nmr spectra of ATP and ADP as a function of pH
have been studied by Cohn and Hughes (24). Al-
though the primary interest of the study was to corre-
late nmr data with the reactivity of the various phos-
phorus groups, the ionization constants for the second-
ary phosphate ionizations of ATP and ADP may be es-
timated from a plot of the chemical shifts of the phos-
phorus nuclei of ADP and ATP against pH. Taking
the pH at the inflection points of these sigmoid curves
as the pK’ value for proton ionizing in the given pH
range (pH 4-9) gives pK’ values of 6.5 and 6.7 for these
ionizations of ADP and ATP, respectively. These
values are in the range of those reported from other
studies (Table I). Further, the nmr spectra show that
these protons are leaving the B-phosphate group of
ADP and the y-phosphate group of ATP.

Similar studies carried out by Cohn and Hughes in
1962 in the presence of 0.1 A/ divalent metal ion indi-



504 RoGER PHILLIPS

cate the pK’ of atpMgH ~ to be 5.4, which again is in the
range of other values reported in Table I for this ioniza-
tion.

It seems that such nmr studies employing pH titra-
tion and metal ion titration could yield useful, quan-
titative information concerning ionization, metal com-
plex formation, and the structural changes accompany-
ing shifts in these two equilibria; however, these possi-
bilities have not as yet been fully explored.

10. Enzyme Mechanism Calculation

In studies of the mechanism of adenosine 5'-triphos-
phate—creatine transphosphorylase, it has been found
that atpMg?~ is the substrate, atpH®~ is a strong in-
hibitor, and atp*~ is a weak inhibitor (95). The ki-
netic data could therefore be used to estimate the biading
constant for atpMg?= (Table I). Since this type of cal-
culation is usually intended to check a postulated
mechanism and not to calculate a binding constant, the
constants thus obtained should not be regarded as
the most reliable.

11. Metal Ion Titration with Metal Ion
Sensttive Electrodes

No such studies have as yet been reported with re-
gard to the adenine nucleotides. However, a recent
progress report on the development of various cation
sensitive electrodes indicates that Nat sensitive elec-
trodes are commercially available while others are in
the experimental stage (106). With sufficiently stable
and accurate electrodes of this type, ionization and
metal complex formation of the adenine nucleotides
could be simply and directly studied by the use of such
electrodes in conjunction with a simultaneous pH
measurement.

B. THERMODYNAMIC METHODS

The most widely used means for obtaining thermo-
dynamic data for the reaction under discussion is tem-
perature variation with the equilibrium methods de-
scribed in A. However, some more direct methods
have been used as exemplified by the following .

1. Calorimetry

A calorimetric method for the determination of the
enthalpy of slow reactions in aqueous solution was de-
vised by Buzzell and Sturtevant in 1951 (19). This
method has been applied to the pK = ~4, ring ionization
of adenosine (103), and it seems it could also be em-
ployed for determination of enthalpies of metal complex
formation of the adenine nucleotides. Enough equilib-
rium data are available (Table I) to calculate enthalpy
contributions from the ionization of complexed and un-
complexed species for many metal-adenine nucleotide
complexes, thereby making possible the assignment of

AH values to the individual ionization and complex
formation reactions.

2. Thermomelric Titration

A thermometric or enthalpy titration procedure was
first successfully used to determine the enthalpy of a
reaction in aqueous solution by Jordan and Alleman
in 1957 (61). This method employs a highly sensitive
thermistor bridge circuit for temperature measurement,
which yields an aceuracy of 49 in the enthalpy with
solutions as dilute as 0.5 mM. The method was suc-
cessfully used to determine heats of complex formation
of divalent cations with EDTA (61). The method of
calculations of enthalpy from the thermometric titra-
tion data has been refined and the method has been
applied to the pK = ~4 ring ionization of adenosine,
AMP, ADP, and ATP, and to the secondary phosphate
ionizations of AMP, ADP, and ATP by Christensen
and Izatt (Table II) (20). For a review on thermo-
metric titrations up until 1960, ¢f. ref 137. Given
the enthalpy of ionization data of Christensen and
Izatt (20) it seems that metal ion thermometric titra-
tions of the adenine nucleotides would easily yield use-
ful enthalpy data concerning enthalpies of complex for-
mation of the variously ionized species.

Recently, a method has been devised for calculating
equilibrium constants as well as enthalpies of ioniza-
tion from thermometric titration data for ionization re-
actions in which the equilibrium constant is less than
103, and which have an appreciable AH value (50).
This method which is referred to as “entropy titra-
tion” has been applied to the pK = 12.35 ionization of
the ribose moiety of adenosine (58).

C. EQUILIBRIUM AND THERMODYNAMIC DATA

An effort has been made to gather a reasonably com-
plete collection of equilibrium and thermodynamic
data for the ionization and metal complex formation of
adenosine and the adenine nucleotides. These data
are presented in this section under five headings.

1. 1:1 Metal-Nucleotide Complexes Involving Only
Ring and Secondary Phosphate Hydrogens

The data under this heading, which constitute a
large percentage of the total data, are presented in
Tables I and II.

A few observations might be made on the data of
Tables I and II as follows.

(a) Very little work has been done on the primary
ionizations of ATP and its analogs. pK values for
these ionizations were estimated by analogy with simi-
lar compounds as late as 1960 (44). It seems that the
only published experimental work on these groups
was by Levene in 1925 (75, 76).

(b) The complex formation constants for the various
metals seem in general to fall into the three expected
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OF ADENOSINE AND THE ADENINE NUCLEOTIDES

pH

pH

pH

vH

pH

pH

.0-8.2

.0-8.2

.0-8.2

Adenosine (a): a + H* < *Ha
Adeno-
Temp, sine, Supporting
°C mM electrolyte
25 50.0
25
25 NaCl g.
38 NaCl 0.
20 1.0 KCl 0.
10
25
40
32 100.0
32 100.0 KNOs ~0.
CuCl: (0.1 M) ~0.
Adenosine (a): a~ 4+ H* <> a (ribose ionization)®
Adeno-
Temp, sine, Supporting
°C mM electrolyte
25
25 10.0 Q
Adenosine (a): a 4 M2+ <> aM2*
Adeno-
Temp, sine, Supporting
°C mM electrolyte
2.0 M(C104)2
2.0 M(ClOg)2
2.0 M(Cl104): 3.
2.0 M(ClO4): 3.
2.0 M(ClO4)2 3.
1.0 M(Cl04)2 0
2.0 M(Cl04)2 1.
AMP (ampH»): amp?~ + H* <> ampH!-
Temp, AMP, Supporting
°C mM electrolyte
25 25.0
25 20.0
25 NaCl 0.
38 NaCl 0.
20 1.0 KCl 0.
25 1.0 tpaBr 0.
25 2.0 tmaBr 0.
25 2.0 KCl 0.
25 1.0-3.0 KNOs 0.
25 0.5 tpaBr 0.
25 0.5 tpaBr Q
AMP (ampHs): amp?~ 4+ M* < ampM-
Temp, AMP, Supporting
°C mM electrolyte
25 1.0 tpaBr
25 1.0 tpaBr
25 30.0-100.0 tmaBr
25 1.0 tpaBr
AMP (ampH;): amp?- 4+ M2+ <> ampM
Temp, AMP, Supporting
°C mM electrolyte
20 1.0 KCl 0.
25 1.0 tpaBr 0.
25 1.0 NaCI? 0.
25 3.0-5.0 KCl 0.
23 0.06 NaCl 0.
25 1.0-3.0 KNOs 0.
20 1.0 KCl 0.
25 1.0 tpaBr Q.
23 0.06 NaCl 0.
25 1.0-3.0 KNOs 0.
25 1.0 tpaBr Q.
~25 NaCl 0.
25 1.0-3.0 KNOs 0.
25 1.0-3.0 KNOs 0.
25 1.0 tpaBr 0.
23 0.08 NaCl 0.
25 0.
25 1.0-3.0 KNOs 0.
23 0.06 NaCl 0.

.0-8.2
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Log KHE
12.5
12.35 == 0.03
Log K‘“SM
—0.82
—0.30
-0.17
+0.84
—0.28
Log KHampH
6.01
6.2
6.05
6.08
6.14 = 0.02
6.45 = 0.02
6.40
6.30
6.21
6.46 = 0.01
¢.67 = 0.01
Log KMampM
0.61 = 0.04
0.46 = 0.06
0.45 = 0.01
0.20 = 0.08
Log KMn.mpM
1.69 £ 0.02
1.69 = 0.02
2.00
2.14
1.95
1.97 &= 0.01
1.41 &= 0.03
1.43 = 0.02
1.76
1.85 = 0.02
1.32 = 0.02
1.52
1.79 = 0.01
1.73 = 0.01
2.19 += 0.06
2.31
2.19
2.40 = 0.02
2.58

[}
o
ot

Ref

75,76
96

84
51

67

Ref
75,76
58

Ref
110
110
110
110
110
110
110

84
117, 118
126

64
103

Ref
117
117
126
117
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Sr‘l +

Method

pH titration
pH titration
pH titration
pH titration
Resin competition

Method
pH titration (Hs)
pH titration (Ha)
pH titration

pH titration
pH titration

Method
pH titration (Hz)

Method
pH titration

pH titration
pH titration
pH titration
pH titration
Nmr titration
pH titration
pH titration
pH titration

Method

pH titration
pH titration
pH titration
pH titration
pH titration

Method

pH titration

pH titration

pH titration

Resin competition

Resin competition

pH titration
Spectrophotometric Mg?*

indicator competition

pH titration

pH titration

Caled extrapolation of Bur-
ton’s 1959 results

Spectrophotometric Mg?*
indicator competition

Resin competition

Fluorescence Mg?* indica-
tor competition

Resin competition

pH titration

pH titration

Resin competition

Spectrophotometric Ca2*
indicator competition

Interferometry

pH titration

Spectrophotometric Caz*
indicator competition

pH titration

pH titration

pH

pH

pH

pH

pH

pH

.0-8.
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TasrLe I (Continued)

AMP (ampHy): amp?~ 4+ M?t « ampM
Temp, AMP, Supporting
°C mM electrolyte
25 1.0-3.0 KNOs
25 1.0-3.0 KNO;
25 1.0-3.0 KNOs
25 1.0-3.0 KNOs
~25 NaCl
AMP (ampHs): ampH!- + H* ¢« +HampH-
Temp, AMP, Supporting
°C mM electrolyte
25 25.0 None
23 20.0 None
25 NaCl
38 NaCl
20 1.0 KCl
25 1.0-3.0 KNOs
AMP (ampHy): *HampH!- 4+ H* ¢ *HampH:
Temp, AMP, Supporting
°C mM electrolyte
25 25.0 None
ADP (adpHs): adp?~ + Ht < adpH-
Temp, ADP, Supporting
°C mM electrolyte
25 NaCl
38 NaCl
25 1.8 teaBr
20 1.0 KCl
25 1.0 tpaBr
25 3.0-5.0 KCl
500.0 tmaCl
25 tmaBr
25 1.0-3.0 KNOs
25 0.5 tpaBr
25 0.5 tpaBr
ADP (adpHg): adpi~ 4+ M* > adpM:?-
Temp, ADP, Supporting
°C mM electrolyte
25 1.0 tpaBr
25 1.8 teaBr
25 1.0 tpaBr
25 1.8 teaBr
25 1.0 tpaBr
ADP (adpHs): adps- + M2+ & adpM~
Temp, ADP, Supporting
°C mM electrolyte
25 4.0-18.0
20 1.0 KCl
25 1.0 tpaBr
23 1.0 NaCl?
2 23 0.06 NaCl
25 3.0-5.0 KCl
25 0.62 theaBr
35 0.62 tbeaBr
64 0.62 theaBr
1.0 tmaCl
25 1.0-3.0 KNOs
25 0.62 theaBr
30 1.0-5.0 N-Ethyl mor-
pholine buffer
25 0.07 tpaBr
25 0.07 tpaBr
25 0.04-0.10 Tris
25 0.04-0.10 tea Buffer
37 0.5-4.0 Veronal buffer
20 1.0 KCt
25 1.0 tpaBr
2 23 0.06 NaCl
25 1.23 theaBr
23 2.0 tmaCl
25 1.0-3.0 KNOs
30 1.0~5.0 N-Ethyl mor-
pholine buffer
25 1.0 tpaBr
25 1.0-3.0 KNOs

Varying
Varying
.15
.15
1
0.

0
0
0

Varying

(=]

OO OO O
= e

coooo cooormoOoOOOO
SRS SRR IR

coocoo000

[l o Y o}

m

1

o

Log KMamp)I

2.64 = 0.02
2.84 = 0.01
3.18 £ 0.01
2.72 = 0.02
5.70

Log KHHampH
3.70
3.8
3.74
3.71
3.81 = 0.01
3.81

Log KHa,mpH2
0.89

Log K¥.apm
6.26

6.27

6.65 = 0.01
6.35 = 0.03
6.68 = 0.02
6.61

6.5 (est)?
7.00

6.44

.80 = 0.01
7.20 = 0.01
Log K™aapn
1.15 = 0.02
0.65 = 0.07
0.83 = 0.03
0.68 = 0.01
0.74 = 0.04
Log EMaapu
2.57 (est)?
3.11 = 0.05
3.00 = 0.04
3.03

3.15

3.23

3.54

3.48

3.84

3.34

3.17 = 0.01
4.10

3.62

3.47 = 0.03
4.27 = 0.10
3.54

3.78

3.74

2.78 + 0.03
2.81 = 0.04
2.82

2.8

2.93

2.86 = 0.02
3.34

2.50 = 0.04
2.54 == 0.02

Ref

75
130

84
64

Ret
75

Ref
117

117

88
117

a9
101
132
31
118

124
17

64
98

118
64
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TaBLE I (Continued)
ADP (adpHs): adp®= 4 M?* s adpM-

Temp, ADP, Supporting
M Method pH °C mM electrolyte “ Log KMadpM Ref
Ba?+ pH titration 25 1.0-3.0 KNOs 0.1 2.36 = 0.03 64
Mn2* pH titration 25 1.0 tpaBr 0.2 3.54 = 0.04 118
Mn2+ Resin competition 8.0~-8.2 23 0.06 NaCl 0.1 3.94 129
Mn2+ Esr titration 0.05 M Tris~ 0.15 4.00 22
0.1M tmaCl
Mn2* pH titration 25 1.0-3.0 KNO; 0.1 4.16 + 0.01 64
Mn2* Spectrophotometric Mn2* 8.0 30 1.0-5.0 N-Ethyl mor- 7.1 4.40 98
indicator competition pholine buffer
Mn2+t Esr 8.0 27 N-Ethyl mor- 0.1 4.48 98
pholine buffer
Ca2* Resin competition 8.0-8.2 23 0.06 NaCl 0.1 3.68 129
Co2* pH titration 25 1.0-3.0 KENO; 0.1 4.20 = 0.01 64
Niz+ pH titration 25 1.0-3.0 KNOs 0.1 4.50 = 0.02 64
Cuz* pH titration 25 1.0-3.0 KNO: 0.1 5.90 = 0.01 64
Zntt pH titration 25 3.0-5.0 KCl 0.1 4.13 134
Zu?+ pH titration 25 1.0-3.0 KNOs 0.1 4.28 x 0.01 64
ADP (adpHs): adpH?- + H* < *HadpH?-
Temp, ADP, Supporting
M Method pH °C mM electrolyte “ Log KHHade Ref
pH titration 25 NaCl 0.15 3.95 2
38 NaCl 0.15 3.92
pH titration 20 1.0 KCl 0.1 3.99 =+ 0.03 84
pH titration 25 3.0-5.0 KCl 0.1 4.21 134
pH titration 25 tmaBr 0 4.20 59
pH titration 25 1.0-3.0 KNOs 0.1 3.93 64
ADP (adpHs): adpH2- + M2+ <« adpMH
Temp, ADP, Supporting
M Method pH °C ma electrolyte “ Log KM,gpum Ref
Mgt pH titration 20 1.0 KCl1 0.1 1.5 &= 0.2 84
Mg2t pH titration 25 1.0 tpaBr 0.2 1.45 =+ 0.06 118
Mg2* pH titration 25 3.0-5.0 KCl 0.1 1.58 134
Mg2* pH titration 25 1.0-3.0 KNOs 0.1 1.64 &= 0.02 64
Mg?2™ Resin competition 4.1 25 0.07 tpaBr 0.1 2.0 = 0.2 101
Mg2t Thermodynamic calen 25 tpaBr 0.1 1.95 =+ 0.2 101
Mgzt Resin competition 4.1 25 0.07 tpaBr 0 2.45 += 0.20 101
Ca?t pH titration 25 1.0 tpaBr 0.2 1.52 += 0.06 118
Cat* Interferometry 5.0 23 2.0 tmaCl 11 1.36 4
Ca?*t pH titration 25 1.0-3.0 KNOs 0.1 1.58 = 0.04 64
Srz+ pH titration 25 1.0 tpaBr 0.2 1.34 £ 0.08 118
Mn?2 7+ pH titration 25 1.0 tpaBr 0.2 1.49 = 0.05 118
Mn2* pH titration 25 1.0-3.0 KNO; 0.1 1.89 = 0.02 64
Co?* pH titration 25 1.0-3.0 KNOs 0.1 2.01 = 0.02 64
Niz+ pH titration 25 1.0-3.0 KNOs 0.1 2.30 = 0.02 64
Cu?* pH titration 25 1.0-3.0 KNOs 0.1 2.63 = 0.01 64
Zn2* pH titration 25 3.0-5.0 KCl 0.1 2.34 134
Znt~ pH titration 25 1.0-3.0 KNOs 0.1 2.04 + 0.02 64
ADP (adpHj): adpM~- + H* & adpMH
Temp, ADP, Supporting
M Method pH °C mM electrolyte u Log K%, 4puE Ref
Mg2+ pH titration 20 1.0 KCl 0.1 4.7 = 0.2 84
Mg+ pH titration 25 1.0 tpaBr 0.2 51 = 0.1 118
Mg2+ pH titration 25 0.5 MgCl: 0.1 5.30 = 0.03 101
25 0.5 MgCle 0 5.38 = 0.10
Ca?* pH titration 25 1.0 tpaBr 0.2 5.4 = 0.1 118
Sn2+ pH titration 25 1.0 tpaBr 0.2 5.6 = 0.1 118
Mn?* pH titration 25 1.0 tpaBr 0.2 4.6 = 0.1 118
ATP (atpHg): atpi- 4+ Ht < atpH:-
Temp, ATP, Supporting
M Method pH °C mM electrolyte L Log K%pn Ref
pH titration 25 NaCl 0.15 6.48 2
38 NaCl 6.50
pH titration 25 0.6 teaBr 0.15 6.98 = 0.02 88
pH titration 20 1.0 KCl 0.1 6.50 = 0.01 84
pH titration 25 1.0 tpaBr 0.2 6.95 = 0.02 117
pH titration 25 3.0-5.0 KCl 0.1 6.73 134
Nmr titration 500.0 tmaCl 1.0 6.7 (est)? 124
pH titration 25 1.0-6.0 KNO: 0.1 6.53 63
pH titration 25 0.5 tpaBr 0.1¢ 7.04 & 0.01 103
25 0.5 tpaBr [¢] 7.68 = 0.01
pH titration 30 0.525 teaBr 0.1 6.97 = 0.02 98
Infrared spectra 32 100.0 None 0.3-0.4 6.7¢7 67
KNOs (0.3 M) 0.6-0.7 6.9%7
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TasLe 1 (Continued)
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Log K™atom

5.01 &= 0.02
4.00 £ 0,04
2.92 (est)d
3.47 = 0.04
3.06

3.34

3.50

3.77

4.04

4.59

4.99

4,35

4.95

3.90

4.43 =+ 0.03
4,32 = 0.04
4.37 = 0.05
4.30 = 0.04
4,93 = 0.03
4,93 + 0.03
5.02 = 0.06
3.88 = 0.08
3.8¢

4.22 £ 0.01
5.70

4.85 & 0.05
4.60 %= 0.1
4,94

4.60 =+ 0.03
5.83 = 0,10
4.06

3.60 = 0.03
3,29 = 0.08
3.34

3.77

3.45

3.43 = 0.07
3.92 & 0.03
3.97

3.89

3.97 £ 0.01
4,51

4.49

3.03 = 0.06
3.15

3.60 = 0.03
3.54 = 0.00
3.37 £ 0.05
3.20 + 0.01
3.98 = 0.06
4.75

6.78

4.88

4,52

4,78 £ 0.01
4.62

4,53 = 0,05
4.7

4,66 = 0.02

Ref
117
88
117
98

88
117
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Infrared spectra
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70 = 0.05
Log KMHMDH
4
4
4.05 = 0.01
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4
3
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TaBLE I (Continued)
ATP (atpHq): *HatpH3- 4+ M2* <> “HatpHM~-
Temp, ATP, Supporting
M Method pH °C mM electrolyte u Log KMpatpmu Ref

Mg2+ pH titration 20 0.8 KCl1 0.1 1.58 == 0.2 49
Mg2+ pH titration and computer 30 0.525 teaBr 0.1 1.3 98

anal
Mnp2+ pH titration and computer 30 0.525 teaBr 0.1 2.03 £ 0.2 98

anal
Zn2+ pH titration and computer 30 0.525 teaBr 0.1 2.09 = 0.2 98

analysis
Cuz+ pH titration and computer 30 0.525 teaBr 0.1 1.94 = 0.2 98

analysis

ATP (atpH:): atpMH- + HY < +*HatpMH-
Temp, ATP Supporting
M Method pH °c mM electrolyte P Log KPHaupMm Ref
Mgzt pH titration 20 0.8 KCl 0.1 3.44 49
Megz+ Infrared spectra 32 100.0 MgCl: (0.1 M) ~0.6 3.807 87
Caz* Infrared spectra 32 100.0 CaCl: (0.1 M) ~0.6 3.807 67
Mn2+ pH titration 20 0.8 KCl 0.1 3.37 49
Ni2#+ Infrared spectra 32 100.0 NiCls ~0.6 3.70f 67
Znst pH titration 20 0.8 KCl 0.1 3.27 49
Zn2* Infrared spectra 32 100.0 ZnCl: (0.1 M) ~0.6 3.657 67
Cuz+ pH titration 20 0.8 KCl 0.1 2.68 49
Cuz+ Infrared spectra 32 100.0 CuCl: (0.1 M) ~0.8 3.557 67
32 100.0 Cu(NO»: (0.1 M) ~0.6 3.40/

e Since the ionizable proton of the ribose moiety of the nucleotide is not included in the formulas for the description of ionizations,

1.e., atpHy, adpHs, and ampH,, it was felt that it would be confusing to do so for adenosine.
sented as ‘“‘a,” which symbol includes the ionizable proton of the ribose moiety.

Therefore, un-ionized adenosine is repre-
b A correction was applied for Na* competition.

¢ In this reference pK’ values are expressed as analytic functions of ionic strength which gives pK’ = =0.04 over the ionic strength

range 0~0.2 at 10, 25, and 40°.

4 Later revised by the same author.

¢ A correction was applied for Na+and K+ competition. 7pD

value of a solution 0.1 M in Na;H:ATP and 0.1 M in MCl: or M(NQ;), at which the conjugate acid:conjugate base ratio for the group

in question = 1.
pK unit for HATP?~ (secondary phosphate chain).

groups of alkali, alkali earth, and transition metals in
the following relation: transition > alkali earth >>
alkali,

(¢} There are considerable discrepancies in reported
values for complex formation constants. This might
be attributed to two factors. First, the various meth-
ods used are almost all indirect methods, and thus in-
corporate the uncertainties of another system and its
relation to the one being measured into the measure-
ments. Secondly, a variety of supporting electrolytes
were used, some of which contain cations, e.g., Na+, K+,
that form complexes of considerable stability with ADP
and ATP.

(d) Very few values given are zero ionic strength.
Note the difference that extrapolation to zero ionic
strength makes for a reaction with large charge cancella-
tion, e.g., log KM#,,pg in Table I On the other hand
extrapolation would make little difference for the equi-
librium constant of a reaction with little or no change in
charge, e.g., for the ring ionization of adenosine.

2. Complexes Involving Primary
Phosphate Hydrogens

As can be seen from Table I, very little ionization
data are available for primary ionizations of the adenine
nucleotides. In the absence of such data, these ioni-
zation constants have been estimated by analogy with
similar compounds. The pK values for AMP, ADP,
and ATP have been estimated as follows: AMP (one
primary phosphate hydrogen) 1.0; ADP (two primary

This pD value was also corrected for solvent isotope effect: 0.6 pK unit for ionization of H,ATP?2~ (ring), and 0.2
¢ Eistimated from the data of this reference.

phosphate hydrogens) 1.0 and 2.0; ATP (three pri-
mary phosphate hydrogens) 1.0, 1.0, and 2.0 (44).
Given these pK values, at pH 3 roughly 109, of the
final primary phosphate hydrogen would be un-ionized
for ATP and ADP. At lower pH values even more
primary phosphate hydrogen would be un-ionized, in-
cluding the pK = 1.0 phosphate ionizations. There-
fore, the net charge on the phosphate chain of ATP and
ADP at pH <3 would be an average value for several
differently protonated species. This net charge on
the phosphate chain would, of course, vary from 0 at
pH —1 to —3 for ATP and —2 for ADP at pH 4. At
pH values between —1 and 3, therefore, the following
is true: (1) the phosphate chain is a mixture of dif-
ferently protonated species, making structural inter-
pretations of equilibrium data difficult; (2) even the
net charge on the phosphate chain is not well known
because of the uncertainties in the primary phosphate
ionization pK values.

Keeping these limitations in mind, experimental
studies in this pH range may still yield useful informa-
tion about the structure of metal nucleotide complexes.
One such study by Watanabe, Evenson, and Gulz em-
ploys a fluorescence technique at pH 2.8 for MgATP
binding (131, 132). Apparently, this pH was selected
in an effort to have ATP with all primary phosphate
hydrogens ionized and the ring hydrogen (pK =~4)
un-ionized. Given a pK of 2.0 for the final primary
phosphate ionization, this would only be roughly true.
Nevertheless, the results are valid and describe Mg?+
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Tasre 11

Adenosine: a

Temp,
Reaction Method pH °C
a =+ H* < *Ha (ring pH titration 25
ionization) pH titration 25
Calorimetry 25
Thermometric titration 25
a~ + H — a (ribose Entropy titration 25
ionization)
AMP:
Temp, AMP,
Reaction Method pH °C mM
amp?~- * H* — ampH- pH titration 25
Thermometric titration 25
25
pH titration 25 0.5
ampH!- + Ht «— pH titration 25
*HampH-~ Thermometric titration 25
25
ADP:
Temp, ADP,
Reaction Method pH °C mM
adp®~- + H* «— adpH:2- pH titration 25
Thermometric titration 23
pH titration 25 0.5
adpd- + Mg?t «— Spectrophotometric 7.9~ 25
adpMg- Mg?* indicator com- 8.8
petition
Caled extrapolation of 7.9~ 25
Burton's 1959 results 8.8
Resin competition 8.7 25 0.07
adpH?- 4+ Ht «— pH titration 25
*HadpH?2- Thermometric titration 25
25
adpH?- 4 Mg?* — Resin competition 4.1 25 0.07
adpMgH
adpMg~ + H* «—adpMgH pH titration 25 0.5
ATP:
Temp, ATP,
Reaction Method pH °C mM
atpt~ + H* «> atpH3- pH titration 25
Thermometric titration 25
25
pH titration 25 0.5
atp?- + Mg?* « atpMg?- Resin competition 8.8 25 1.0
Resin competition 8.7 25 0.07
atps™ + Ca?* «— atpCa?- Resin competition 8.8 25 1.0
atpHé- + H* — t+HatpH3~ pH titration 25
Thermometrie titration 25
25
atpH3~ + Mg2t — Resin competition 4.1 25 0.07
atpMgH -
atpMg?- + H* — pH titration 25 0.5
atpMgH-~ Spectrophotometric 8.4~ 25
Mg?* indicator com- 8.8
petition
Caled extrapolation of 8.4~ 25
Burton’s 1959 results 8.8
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Sup-
porting
elec- AF, AH, AS,
trolyte u kecal/mole kecal/mole eu Ref
NaCl 0.15 —4.95 -1.0 13 26
0.005 —-4.77 -3.4 5 51
NaCl 0.1 ~3.81 &= 0.11 105
tpaBr 0.0251 —-3.00 = 0.1 20
0 -3.1 %= 0.1
—16.85 £ 0.04 —-9.7 = 0.1 23.9 = 0.3 58
ampH:
Sup-
porting
elec- AF, AH, AS,
trolyte u keal/mole keal/mole eu Ref
NaCl 0.15 —8.25 1.0 31 29
tpaBr 0.0592 0.36 = 0.1 20
tpaBr O 1.8 £ 0.1
tpaBr O ~9.10 £+ 0.02 0.85 £ 0.3 33.4 £ 1.0 103
NaCl 0.15 —5.10 -1.0 14 26
tpaBr  0.0152 —-3.91 = 0.1 26
tpaBr 0 —4.2 = 0.1
adpHs
Sup-
porting
elec- AF, AH, AS,
trolyte @ keal/mole keal/mole eu Ref
NaCl 0.15 —8.55 0.3 30 2@
0.0556 0.48 @ 0.1 20
0 1.3 + 0.1
tpaBr 0O —9.83 = 0.02 1.37 £ 0.3 37.5 = 1.0 103
theaBr 0.11 —4.55 5.9 35 17¢
tbeaBr 0 -5.6 5.8 & 1.0 38 = 3 43
tpaBr O —5.83 = 0.14 4.3 = 0.3 33.9 £ 1.5 101
NaCl 0.15 ~5.39 -~1.0 15 24
tpaBr 0.028 —4.83 = 0.1 20
tpaBr O —4.1 + 0.1
tpaBr 0 —3.35 = 0.27 0.9 £+ 1.4 14.3 = 5.0 101
MgCl: 0 —7.835 = 0.14 -2.02 + 0.81 17.9 =+ 3.0 101
(atpHy)
Sup-
porting
elec- AF, AH, AS,
trolyte B keal/mole keal/mole eu Ref
NaCl 0.15 —8.85 0.7 32 2@
tpaBr 0.177 1.23 £ 0.1 20
tpaBr O 1.2 = 0.1
tpaBr 0 —10.48 = 0.02 1.68 = 0.3 40.7 = 1.0 103
NaCl® 0.15 —4.56 4.12 29.1 92
tpaBr O -7.95 £ 0.10 5.1 £ 0.3 43.7 1.5 101
NaCl) 0.15 ~4.00 4.56 28.7 92
NaCl 0.15 —5.45 0 18 26
tpaBr  0.088 —4.5 £ 0.1 20
tpaBr O -3.7 £ 0.1
tpaBr 0 —4.89 & 0.16 2.2 £ 1.25 23.8 4.0 101
MegCl: 0 —-7.42 &= 0.07 -1.22 = 0.55 20.8 2.0 101
tbeaBr 0.11 ~6.27 4.6 36 17¢
theaBr O -7.8 4.8 + 1.0 42 43

@ Calculated from the data presented in this reference.

binding and proton dissociation of ATP where the
phosphate chain has those species and that net charge
proper to pH 2.8. These fluorescence data have been
interpreted in terms of five proton dissociation and

® A correction was applied for Na+* competition.

Mg*+ complex formation equilibria for which equi-
librium constants were determined. These constants
and the experimental conditions under which they
were measured are given in Table III. It should be
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Tarrr IIIs
EquiuisriuM DaTa For THE IoN1zaTiON OF ATP AND THE
ForvatioN AND Ionization oF MgATP INvoLviNg PRIMARY
ProsraATE HYDROGENS AT pH 2.8, RooM TEMPERATURE, IN 0.5
M tmaCl (131)

ATP reaction Log K
(1) NH+—PH « NH*®=P~ 4 H* ~1.3
(2) NH*=P- «— N—P-+ H* —4.1
(3) NH+=P- + Mg?* < NH*—PMg 2.0
(4) NH+—PMg «— N—PMg -+ H* -3.8
(5) N—P~ + Mg2* — N-—PMg 2.3

s P~ represents the phosphate chain with the charge it would
have at pH 2.8.

noted in these reactions as written in Table III, that
the symbol P~ represents a phosphate chain with the
negative charge that it would have at pH 2.8. Also in
symbols of the type NH+—P—, the dotted line repre-
sents some sort of electrostatic effect and not neces-
sarily a bond in the ordinary use of the term. (More
will be said about this in the section on structural im-
plications below.)

A low pH study has also been carried out by Gaucher
on the binding of Fe3*+ to ATP and ADP using a spec-
trophotometer indicator (5-sulfosalicylic acid) compe-
tition method (42). The apparent binding constants
for Fe?™ to ATP and ADP as determined in this study
at pH 2.0 are given in Table IV. The reactions are
given in Table IV both as they were written by Gaucher
and as they would be written in the symbolism of
Watanabe, Evenson, and Gulz, for the sake of com-
parison. It should be noted that, although in this
symbolism the ferric ion reactions are written the
same as the third reaction in Table III for binding of
Mg?+ ion to NH+——P—, the net phosphate chain
charge for the latter reaction is higher (or primary phos-
phate H ion competition is less since it is at pH 2.8).
Clearly in spite of the greater primary hydrogen ion
competition in the Fe®* reaction the binding of ferric
ion is much greater than that of Mg?+ ion (6.59 for
Fe?+) as compared to 2.0 for Mg?+.

TaBLE IVe
EquirisriuM DaTa ForR THE FormMATION OF FeATP anp FeADP
InvoLviNGg PrRiMARY PHosPHATE HYDROGENS AT pH 2.0, 25°, 1N
0.1 M NaClO, (42, 131)

ATP reaction Log K
ATP + Fe <« ATPFe 6.59
NH*=P~- + Fett — NH+—PFe
ADP + Fe — ADPFe 5.66

NH*=P- + Fe3* — NH*—PFe

s P~ represents the phosphate chain with the charge it would
have at pH 2.0.

The reactions ATPFe + Fe <» ATPFe,, and ATPFe
+ ATP < ATP.Fe (42) are treated under multiple
complexes.

3. Complexes Involving Hydrolysis of the Hydrated
Metal Ion

The pH titration data of Kahn and Martell for the
titration of Cu?+ and Zn®* complexes of ATP and ADP
with base beyond the secondary phosphate ionization
of the phosphate chain show a concentration-dependent
buffer region (63, 64). The data are interpreted in
terms of four equilibria arising first from the formation
of a hydroxo metal complex by a hydrolysis reaction
of the type

atpCu?~ 4+ H,0 — atpCu(OH)*~ + H+

This monohydroxo metal complex can then either dim-
erize to form [atpCu(OH)L'~ or hydrolyze further
to form the dihydroxo metal complex, atpCu(OH),4~.
Equilibrium constants for several such reactions have
been caleculated by Kahn and Martell (63, 64) and are
listed in Table V along with a combined hydrolysis and

TaBLe V
EquiLiBriuM DaTta ror THE FormaTiON OF HYDROXO,
Dinyproxo, AND DiMER CoMPLEXES OF TRANSITION METAL
CoMPLEXES OF atp*~ aANDp adp?~

ATP
Reaction Log K Ref®
Hydrolysis

atpCu?~ + H.0 — atpCu(OH)~ 4 H* —-6.47 63
-7.9 13

atpZn?~ + H,0 — atpZn(OH)3- + H+ —-8.5 13
atpNi?~ + H,O « atpNi(OH)*~ + H* -90.3 13
atpCo?* + H,0 ~ atpCo(OH)*~ 4 H* -9.4 13
atpMn?t + H:0 — atpMn(OH)*~ 4+ H+* —10.4 13

Dimerization

2atpCu(OH P~ ~ [atpCu(OH)]#~ 2.59 63

Hydrolysis and Dimerization
2atpCu?~ + 2H,0 — [atpCu(OH)]#~ +
2H+ —10.35 63

Double Hydrolysis

atpCu?~ 4 2H,O — atpCu(OH )4~ + —13.49 = 63
2H + 0.05
ADP
Reeaction Log K Ref®
Hydrolysis
adpCu~ 4+ H;O « adpCu(OH)2~ + H+* —7.08 64
adpZn~ + H,O « adpZn(OH)*~ + H* -8.51 64
Dimerization
2adpCu(OH )2~ — [adpCu(OH )},*~ 3.42 64
2adpZn(OH)?~ — [adpZn(OH )]t~ 3.34 64
Hydrolysis and Dimerization
2adpCu~ 4 2H,0 «~ [adpCuw(OH)}¢~ +
2H+ —-10.73 64
2adpZn— 4 2H,0 «— [adpZn(OH))¢~ +
2H+ —13.68 64

o Experimental conditions: ref 64, 25° and 0.1 M KNOs;

ref 13, 22° and 0.1 M KCL

dimerization reaction. These constants have been
used to calculate the percentage of each species present
over the pH range 5-8 for CuATP (63). These calcu-
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lations indicate that the species constituting the largest
percentage of the mixture are as follows: at pH 5.0
atpCu®~; at pH 6.3-7.1 atpCu(OH)*~ and [atpCu-
(OH)},*—~; at pH 8.0 atpCu(OH).*~. Postulated struc-
tures for these complexes are given in Figure 1.

Equilibrium constants for the hydrolysis of several
ATP-transition metal complexes have been reported
by Brintzinger as pK’s of the hydrated complex for the
first ionization beyond the secondary phosphate (Table
V) (13). These pK values were taken as the pH values
of a CuATP solution after addition of 0.5 equiv of base
beyond the end point of the secondary phosphate group.
Since such a procedure does not take into account the
large percentages of dimer and dihydroxo metal-ATP
complexes, these constants should be regarded as esti-
mates. The values obtained by this method can be com-
pared with those given by the analysis of Kahn and
Martell for only one reaction: the hydrolysis of atpCu?-
which is given as the first entry in Table V. The reported
values of log K for this reaction are —7.7 and —6.47,
respectively. The latter should be regarded as a better
value. Nevertheless, the work of Brintzinger indi-
cates that hydrolysis to hydroxo complexes with sub-
sequent dimerization tends to take place in the order
Cu?* > Zn?*+ > Ni?* > Co?*+ > Mn?+ > Mg?*+ with
Cu®* beginning this behavior at the lowest pH (13).
Further indicated in this study is the fact that such hy-
drolysis takes place at a much higher pH in triphos-
phate than in ATP. Also, complexes of AMP and ri-
bose 5-phosphate seem to hydrolyze in this region in a
way similar to ATP. It might be concluded from these
two observations that the ribose group is somehow
involved in the hydrolysis of transition metal complexes
of ATP in the pH range above the end point of the
secondary phosphate hydrogen (13).

4. Multiple Complexes

Complexes containing two or more metal ions and/or
nucleotide ions have been reported by several investi-
gators (9, 17, 42, 45, 49, 63, 64, 71, 82, 119). However,
very little quantitative data are available. Two of these
studies assume the presence of small amounts of mul-
tiple complexes for the purpose of calculation in pH
titration data (9, 119) and spectrophotometric metal
ion indicator competition (17). Others are interpre-
tations of enzyme kinetics as indicating mechanisms in-
volving multiple complexes (71, 82). Another reports
an Ag-adenosine polymer which occurs as a precipitate
(45). The hydroxo metal nucleotide dimers of Kahn
and Martell (63, 64) were discussed in the previous
section. This leaves two quantitative studies: that
of Gaucher (42) on multiple complexes of ferric ion with
ATP and ADP and that of Handschin and Brint-
zinger on 2:1 transition metal-ATP complexes (49).
The data from these studies have been collected in
Table VI. Gaucher also presents qualitative evidence
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Figure 1.—Suggested structures for the hydroxo, dihydroxo, and
dimer complexes of transition metal complexes of atp*~ and adp?~.

for the existence of an ATPFeMg complex in solution
at pH 2 (42).

§. Folded Complexes

There have been several physical studies (¢f. section
III) and a great deal of discussion about the folded
structure of metal-ATP and ~ADP complexes. Ap-
parently, however, the first to study the equilibria be-
tween the folded and linear forms of those complexes
quantitatively were Schneider and Brintzinger (110).
By use of a ultraviolet spectrophotometric technique in
which the difference spectra of adenosine-metal com-
plexes against free adenosine were compared to the dif-
ference spectra of ATP-metal complexes against free
ATP, the folding constant « was determined for several
ATP-metal complexes. These constants, which repre-
sent the fraction of folded complex, are given in Table
VII.

D. STRUCTURAL IMPLICATIONS
1. The Free Compounds
a. The Basic Structural Equilibrium

In contrast to the structure of metal-nucleotide com-
plexes, the structure of free nucleotides in solution has
received little attention. The few arguments based on
equilibrium and thermodynamic data that have been
found will be presented here, but clearly the conclusion
leaves much to be desired.

It is clear from the use of models that free rotation
in the No~Cy’, C4s'-C4’, and Cs’-0O bonds allows the ter-
minal phosphate groups of ATP and ADP to be brought
into close proximity to the NH, group of the adenine
ring (88, 125). This, however, is merely suggestive. A
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TasLe VI
EquiLiBriuM Dara For THE FormaTioN oF 2:1 METAL-NUCLEOTIDE COMPLEXEs AND THE ForMaTION OF (ATP).Fe
ATP (atpH,): atpM?~ 4 M2+ «—— atpM,

Temp, Supporting Log
M Method pH °C ATP, mM electrolyte m EMyion, Ref
Mg+ pH titration 20 0.8 KCl 0.1 None 49
Mnz+ pH titration 20 0.8 KCl 0.1 1.37 49
Zn2+ pH titration 20 0.8 KCl 0.1 1.41 49
Cu2*t pH titration 20 0.8 KCl 0.1 1.88 49

ATM + M —— ATPM,®

Temp, Supporting Log
M Method pH °C ATP, mM electrolyte u KM 1y, Ref
Fes* Spectrophotometric Fed+ 2.0 0 .1.1-1.6 NaClO, ~0.1 3.20° 42

indicator competition
ATPM + ATP «—— (ATP),M-

Temp, Supporting Log
M Method pH °C ATP, mM electrolyte u EATP s opyyn Ref
Fes+ Spectrophotometric Fed+ 2.0 0 1.1-1.6 NaClO, ~0.1 3.54¢ 42

indicator competition

e At pH 2, this reaction would involve a mixture of variously ionized and conplexed species, including primary phosphate ionizations.
The given K, therefore, represents a net reaction equilibrium “constant.”

Tasre VII
FractioN oF FoLpep CoMPLEX FOR VARIOUs ATPM?2~
CompLEXES AT IoNic StreENGTH 0.15-9.0 wita M(ClO,). As THE
SUPPORTING ELECTROLYTE AND PREsUMABLY AT pH 5-6 AND
Room TEMPERATURE (110)*

M a
Mg?* ~0.01-0.03
Ca?* ~0.01-0.03
Mn2+ 0.03
Co2* 0.12
Znt* 0.15
Niz+ 0.20
Cu* 0.80

¢ o indicates fraction of complex folded, back bound, or in the
metal bridge form.

more positive argument for the hydrogen bonded,
folded structure is based on the magnitude of the pK
values of the final ionization of pyrophosphate, ADP,
and ATP as follows (88): the pK of the final ionization
of H4P207 is 9.6 (89) and that of HaPst is 9.3 (102)
It might be expected that the pK values of the final
ionizations of ADP and ATP would be of the same
order, but they are not. The pK values of the final
ionizations of ADP and ATP are as determined by Mel-
chior, 6.7 and 6.9, respectively (88). They are very
similar to the next to the final ionizations of H,P;07 and
H,P.01 which are both 6.6 (89, 102). Calculations of
pK values by the method of Branch and Calvin (10)
indicate that this difference is due to the fact that, in the
next to the final ionization, the final hydrogen is hy-
drogen bonded to a negative oxygen of the group from
which the next to the final hydrogen is dissociating,
i.e.

(@)

) /OH §)
POP —
AN

oP° + H* (Eql)

8)

e

;J‘o/ AN

N
P

0/

N

/NS

(This would also explain the extraordinarily high pK of
the final ionization.) Melchior concludes that there
must be a similar hydrogen bond to a negative oxygen
of the phosphate group from which the final proton in
ATP and ADP is dissociating. This proton bond, he
concludes, must either come from the NH, group of the
ring, or the C-2’ or C-3’ hydroxyls of the ribose which
in any case means that the ATP and ADP molecules
must be folded (88).

The possibility of the final hydrogen of ATP and ADP
hydrogen bonding to the nitrogen of the NH, group is
also pointed out. This would tend to make the pK of
the last ionization higher. Small percentages of this
form might account for the fact that the actual final
pK value of ATP and ADP are 0.6 and 0.3 unit higher
than the values calculated assuming full hydrogen bond-
ing to a negative oxygen of the ionizing phosphate
group (88).

Further evidence for a folded structure of ATP and
ADP might be found in the ring pK values of adenosine,
AMP, ADP, and ATP, which are 3.6, 3.8, 4.0, and 4.0,
respectively (Table I). Melchior argues that if the
nucleotides were of the linear form in solution no
electrostatic effect from the addition of phosphate
groups would be observed in the ring ionization. The
conformation of tHadpH?~ and +*HatpH?-, then, must
be one in which the phosphate chain is in the neighbor-
hood of the ring ionization, 7.e., folded (88). Further
confirmation of an electrostatic ring-chain effect in
ATP when the ring is positively charged and the chain
negatively charged may be found in the fact that addi-
tion of a Mg?t ion to the phosphate chain of ATP
at pH 2.8 lowers the pK of the ring ionization from 4.1
to 3.8 (131).

Evidence which indicates a lack of ring—chain inter-
action at higher pH values where the ring carries no
positive charge may be found in a recent study of the
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thermodynamics of the secondary phosphate ioniza-
tions of guanosine, inosine, cytidine, uridine, and adeno-
sine phosphates (102). It was found that the values of
AF°, AH®, and AS® were the same for the five triphos-
phates as well as the diphosphates and monophosphates
in spite of the fact that five different ring structures
were present in each set of phosphates. It should be
noted that although some of these rings have an H bond
forming capability while others do not, none of them
have a net charge on the ring in the pH range where the
secondary phosphate ionization is operative and was
studied. Therefore, this result is compatible with
the previous argument in which addition of phosphate
groups to the phosphate chain exerted an effect on the
ring ionization of the *Ha, tHampH-, +HadpH?-,
+HatpH?— series.

In Summary.—It seems that the following types of in-
tramolecular interaction are sterically and energetically
possible in ADP and ATP: 1. H bond formation be-
tween negative oxygens of the phosphate chains and
the C-2’ and C-3’ hydroxyls of the ribose moiety (sev-
eral combinations). 2. H bond formation between
negative oxygens of the terminal group of the phos-
phate chain and the hydrogens of the ring NH, group.
3. H bond formation between the secondary phos-
phate hydrogen of the terminal phosphate group and
the nitrogen of the ring NH, group. 4. Electro-
static interaction between the positively charged, pro-
tonated ring and the negative phosphate chain, with as
yet unassessed conformational effects.

It must be admitted then that the general structure
of ATP and ADP in solution is described by the fol-
lowing equilibrium

adenine-ribose — adenine-ribose-phosphate «— adenine-ribose

phosphate
(Eq 2)

phosphate

where the dotted lines represent hydrogen bonds or elec-
trostatic interaction. Working against the ordering
tendency of hydrogen bond formation and electrostatic
interactions would be the disruptive effects of hydra-
tion and thermal motion (which would be a sizeable
factor for such large structural units as adenine, ribose,
and the phosphate chain). However, at present it is
difficult to say where the balance lies. This remains to
be determined by suitable experimental studies.

b. Various Structural Information from
Tonization Data

It is of some interest in connection with the above-
mentioned possibilities of ribose hydrogen bonding in
the adenine nucleotides that a ribose pK has recently
been determined in adenosine by an entropy titration
method (58). It has been found that both the C-2’
and C-3" hydroxyls are necessary for the ionization. If
either is blocked, the ionization does not occur. It has

been postulated that this requirement of both the C-2’
and C-3’ hydroxyls might be due to one or both of the
following: 1. The combined inductive effect of the vi-
cinal C-2’- and C-3'-hydroxyl groups. 2. Stabiliza-
tion of the ribose moiety anion by formation of a hy-
drogen bonded ring:

gll \3/ 9l 3/

DD R G G
o 0 0O 0

L e

H H H

Further data for this ionization in AMP, ADP, and
ATP should provide information with regard to the role
of the phosphate chain in C-2’ and C-3’ hydroxyl hy-
drogen bonding in the nucleotides.

With regard to the relation of the adenine nucleotides
in solution to the solution medium, it has been found
that these ions have activity coefficient ratios in ac-
cordance with the simple Debye-Hiickel theory (103).
According to this theory, the relation between the ap-
parent pK at a finite ionic strength designated as pK’
and the thermodynamic pK designated as pK° at 25° for
any ionization in aqueous solution is

pK’ = pK® — 0.509(Zs* — Zma) Vs (Eq4)

where Zza = the net charge on the ionizing species,
Z, = the net charge on the conjugate base, u = the
ionic strength of the medium. Thus, for the secondary
phosphate ionizations of AMP, ADP, and ATP, the
slope of an experimental plot of pK’ vs. 4/ should be
1.52, 2.54, and 3.56, respectively. These experimental
plots of pK’ vs. v/ were carried out by Phillips, George,
and Rutman (103) and it was found that the slopes of
the curves were 1.5, 2.5, and 3.5 at u <0.01, where tpaBr
was the supporting electrolyte. These studies were
later extended to the secondary phosphate ionizations
of guanosine, inosine, cytidine, and uridine tri-, di-,
and monophosphates (102). It was found that when
the pK’ vs. v/ curves were expressed in terms of the
empirical equation, pK’ = pK® — av/u + by, the b
constants grouped according to the number of phos-
phate groups in the phosphate chain as follows at 25°;
triphosphates 5.48 = 0.16, diphosphates 4.19 = 0.16,
and monophosphates 2.93 = 0.16. No correlation
could be made between the variations in the b constants
of each phosphate type and ring structure (102).

2. The Metal Complexes

a. The Basic Structural Equilibrium

The many equilibrium and thermodynamic studies of
metal-adenine nucleotide complexes have sometimes
been in disagreement among themselves and often in
disagreement with physical studies as to the structure
of metal-nucleotide complexes. These difficulties have
been largely removed by recent work, especially that
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of Brintzinger. An over-all view of the work to be out-
lined in the following sections b—d, show that the metal-
adenine nucleotide complexes are actually in a variety
of forms which are in equilibrium. In general terms
and neglecting the formation of multiple complexes,
this equilibrium is given as

adenine-ribose-phosphate «— adenine-ribose

M M-phosphate
metal-chain metal-bridge
adenine-ribose-phosphate (Eq 3)

M
metal-ring

For a given nucleotide, the percentages of each species
would vary according to the nature of the metal ion, M,
and experimental conditions. For a number of metal
ions one or even two of the three general structures
might be statistically unimportant to a given analytical
method. Nevertheless, depending on the nature of M,
any one of the three general types might predominate.
This is due to the fact that the adenine nucleotides
really have two binding sites, a primary electrostatic
site on the phosphate chain and a secondary nitrogen
chelating site on the adenine ring. Thus, a metal ion
which is electrostatically strong (high net charge and
high charge density) and has little nitrogen chelating
tendency, like Mg?+, would tend to form virtually all
metal-chain complex. A metal ion which is electro-
statically strong and also has strong nitrogen chelating
tendency, like Cu?*, would tend to form the bridge
species. These two cases of Mg?** and Cu?t have been
verified by experiment; however, an example of a com-
plex in which the third species (metal-ring) predomi-
nates has not been forthcoming from experiment. It
would seem logical, however, to predict that Ag* would
be an example of a metal ion which would form pre-
dominantly the metal-ring species in complexing with
the adenine nucleotides, since it has strong nitrogen
chelating tendencies and is relatively weak electro-
statically.

In the three sections to follow is a sketch of the ex-
perimental studies which show the existence of the three
general structures of (Eq 5) and in some cases elucidate
aspects of structure (Figure 2).

b. The Metal-Chain Complex

In the preceding section, the phosphate chain was re-
ferred to as the primary metal binding site of the ade-
nine nucleotides while the ring nitrogens were referred
to as the secondary binding site. It might be objected
that this is misleading since for some metal ions, e.g.,
Agt, the ring nitrogens might be the primary binding
site and the phosphate chain secondary. Although
this is true, it was felt that since for all metals experi-
mentally studied until now, ¢.e., mainly alkali, alkali
earth, and first row transition metals, the phosphate

chain was a prime factor in complex formation, proper
emphasis demanded that it be referred to as the pri-
mary binding site.

For example, in the work of Schneider and Brint-
zinger (110) it is reported that for Mg?+and Ca?* com-
plexes of atp?—, only 1-39% is in the metal-bridge form
and an amount that was undetectable by their experi-
mental method in the metal-ring form. Even in the
first-row transition metal complexes, according to the
data in Table VII, the phosphate chain dominates bind-
ing, Therefore, this present section on metal-phos-
phate chain binding is of central importance.

Treated in this section are the fact of metal-chain
binding and several aspects of structure as derived from
equilibrium and thermodynamic data.

The Fact of Metal-Chain Binding.—At least four
different arguments have been advanced in support of
the fact of metal-chain binding: 1. The magnitude
of the binding constants of the adenine nucleotides for
all metal ions studied are in the order ATP > ADP >
AMP (Table I). Several investigators have concluded
from this that the phosphate chain is the primary (or
the only) metal ion binding site (42, 63, 64, 84, 92, 114,
117, 129, 134). 2. Metal ion binding constants have
been determined for guanosine, inosine, cytidine, and
uridine phosphates as well as for the adenosine phos-
phates. These constants have been determined for
Mg?+, Ca?+, Mn?+, Co?* by Walaas (129) and for Fe?+
by Gaucher (42). It was found that for the given metal
ions the complex formation constants were the same
within experimental error for all (guanosine, inosine,
cytidine, uridine, and adenosine) tri-, di, and mono-
phosphates. The ring structure, therefore, seems to
make no difference to the magnitude of the formation
constants which indicates chain binding. 3. Various
ionization and metal complex formation constants of
ATP have been determined by Handschin and Brint-
zinger (49). As is shown in this reference, the magni-
tudes of these constants indicate predominantly chain
binding as follows: pKumr — pKMumy for ATP,
where M is Mg?+, Mn?+, Zn?+, and Cu?*is0.5,0.6,0.7,
and 1.3 units, respectively. This means that having a
positively charged, protonated ring in ATP does not
make a great deal of difference to the net binding of M2+
as reflected in the binding constant which in turn im-
plies that the binding is taking place at the phosphate
chain (the observed change in the binding constant
is explained as an electrostatic effect). Further, the
quantity, pK¥sr ~ pK™uar for ATP where M2+ is
Mg2+, Mn?+, Zn?+, and Cu?t equals 1.7, 1.9, 2.0, and
2.6, respectively. This large effect on the secondary
phosphate chain ionization is taken to be evidence that
the metal ions are binding to the chain (49). Smith and
Alberty develop this argument further by pointing out
that for the ionizations of atpMH~ and adpMH, which
they also have determined, the greater the affinity of the
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Figure 2.—Suggested structures for the atpM2~ complex. Under each structure are listed the sites involved in the binding.
Those in parentheses signify binding through a water molecule.

metal ion in the complex for the fully ionized species
atp*~ and adp®~, the greater is the acidity of the proton
remaining on the phosphate chain (117, 118). This
would be further evidence that in this complex the
metal ion is binding to the phosphate chain. 4. Brint-
zinger has constructed an argument to show that the
binding of Mn?*+, Co?+, Ni2®*, and Zn?* by ATP is on
the phosphate chain by comparing binding constants
for these equilibria with those for other complex form-
ing compounds. The compounds chosen were 8-hy-
droxyquinoline (binding to ring N), oxalate (binding to
negative oxygens on adjacent carbons), malonate (bind-
ing to negative oxygen atoms separated by a carbon
atom), and sulfate (binding to negative oxygen atoms
on the same sulfur atom and known to associate as a
hydrated ion pair). It was found that the orders of
magnitude of the log of the binding constants for the
Mn?+, Co?*, Ni*t, and Zn?* complexes of these com-

pounds were as follows: atp?~, 4.5-4.8; 8-hydroxy-
quinoline, 7.8-9.9; oxalate, 3.9-5.3; malonate, 3.3~
4.1; and sulfate, 2.3-2.5. On the basis of the simi-
larity in the magnitude of constants between atpi-
and oxalate it was concluded that atp?~ was binding
these M** ions through adjacent negatively charged
oxygen atoms, .., on the phosphate chain (12).

The Metal-Chain Complex Is a Hydrated Ion Pair.—
In the previous section it was noted that the complex
formation constants for complexes of Mn2+, Co?+,
Ni**, and Zn®* with atp*~ and sulfate ion are 4.5-4.8
and 2.3-2.5 (12). Clearly, in both sets of complexes
the electronic makeup of the metal ion seems to make
little difference to the extent of binding. Rather, the
electrostatic nature of the ion seems to be the determin-
ing factor, which argues to a mediate bonding through
hydrated water molecules. Further, this has actually
been shown to be the case for sulfate ion complexes
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(120). It is concluded, therefore, that the atp*~ com-
plexes are also hydrated ion pairs (12).

Further indication of ion—pair association has been
given by distance of nearest approach calculations ac-
cording to the theory of Fuoss and Kraus (41).

The basic relation is

(Eq 6)

Z 2
K = 4, exp(— Z—l—zi)

DikTa

where K = the empirical association constant; A, = a
constant which for these calculations has been set equal
to 1 (12); D = the macroscopic dielectric constant of
the medium; @ = distance between centers of positive
and negative charge in the ion-pair complex.

Distances between centers of positive and negative
charge were calculated both for the Mn?+, Co?+, Ni?+,
and Zn?t sulfate and atp*— complexes (12). The
sulfate Mn2+, Co?*, Ni?+, Zn?* distances were 5.4,
5.2, 5.3, and 5.3; the atp*~ Mn?*, Co?+, Ni?*+, and
Zn?+ distances were 5.2, 5.3, 5.4, and 5.2, respectively.
(Although these values are reliable relative values,
because of neglect of ionic strength, the macroscopic
dielectric constant approximation, and neglect of hy-
drogen bonding, as absolute values they should be re-
garded as having an uncertainty of 209%.) Since the
distances are reasonable ones for hydrated ion-pair
association, and equal to those calculated in a similar
way for a known series of ion-pair complexes, this has
been taken to be further evidence of hydrated ion-pair
binding in the metal-chain complexes (12). (Cf. the
infrared study in section IIT for more structural
detail with regard to this binding.)

Similar calculations which were carried out by
Smith and Alberty (117, 118) for two series of metal
ions shows that the relative distances between the
centers of positive and negative charge in orthophos-
phate, AMP, ADP, ATP, and AQP complexes are in
the order Lit < Nat < K+ and Mn?*+ < Mg?t < Ca?t
< Sr?+, This order corresponds to crystal radii, not
to hydrated radii which would be in the opposite order;
however, the ions with smaller crystal radii would be
expected to polarize its hydration shell to a greater
extent (107) and thus be capable of forming & stronger
bond with a smaller distance between the centers of
charge (117, 118). This agrees well with the work of
Kahn and Martell discussed under the section “Com-
plexes Involving Hydrolysis of the Hydrated Metal
Ion,” where the transition from polarization to hy-
drolysis of the hydrated water molecules is described.

atpMgH— and adpMgH are By and a8 Mg*+-Chain
Complexes, Respectively, with Something Less than a
Full Bond to the Terminal Phosphate Group in Each
Complex.—The data for the proton dissociation of these
complexes are as follows: atpMgH-, pK® = 544,
AH® = 1.22 kecal/mole, AS® = —20.8 eu; and for
adpMgH, pK® = 5.38, AH® = 2.02 kcal/mole, AS® =

—17.9 eu. The similarity in these thermodynamic
quantities indicates a similarity in the structural en-
vironment which the proton is leaving. Further, the
magnitude of the pK® values indicates that only a par-
tial charge cancellation is taking place at the negative
oxygen of the terminal phosphate group. (Full can-
cellation of the negative charge, as by a hydrogen ion,
would reduce the pK to 2.0 for both complexes.) In
the adpMgH complex this would mean that the Mg?+
is probably somewhere between the a- and g-phosphate
groups, and since the proton is leaving the same kind of
structural environment, it is concluded that in the atp-
MgH~ complex the Mg?* ion would be between the §-
and y-phosphate groups (101). The partial charge can-
cellation of this negative oxygen of the terminal phos-
phate group by the Mg?* ion would also be in accord
with the hydrated ion theory of the previous section.

In MgATP and MgADP Complexes, the Mg2+ Ion
Retains Much of Its Positive Character.—Thermody-
namic data for the ionization and Mg?+ complex forma-
tion of ATP and ADP have enabled Phillips, George,
and Rutman (101) to calculate relative partial molal
entropies for the following two series of ions: atpH3-,
atpMgH-, atpMg?—, atp*—, and adpH?-, adpMgH,
adpMg—, adp®~. Plotting these relative partial molal
entropies against Z2 should result in a straight line
(28, 72). Assuming that Z was unknown for the
Mg?*t complexes the values of for atpH®—, atpt-,
adpH?—, and adp®~ were plotted. The points for atp-
MgH-, atpMg?~, adpMgH, and adpMg— were placed
on the lines according to their relative partial molal en-
tropy values and Z? was read off the proper coordinate.
This method indicated a Zetteetive for adpMgH, adp-
Mg—, atpMgH -, and atpMg?~ of 2.8, 3.1, 3.5, and 3.9,
respectively (101). Since hydration is the major
factor in the partial molal entropies of ions in water,
this effective charge would refer specifically to effec-
tiveness in hydrating or fixing water molecules. In
any case, the effective charge values indicate that the
Mg?* charge in these complexes is a good distance away
from the center of negative charge of the phosphate
chain, approaching a zwitterion type of charge dis-
tribution.

The Proton in the atpMH~ and adpMH Complezes I's
on the Phosphate Chain.—In spite of the fact that a
question has been raised in this regard (84), it is well
accepted that the proton in the atpMH~ and adpMH
complexes is on the phosphate chain. Titrations in the
presence and absence of Mg?t and Ca?t ions have
shown that the pK = ~4 ring ionization is only slightly
affected by the presence of these metal ions (101, 121),
On the other hand, addition of Mg?*+ or Ca?+ ions
strongly increases the acidity of the secondary phos-
phate hydrogen (18, 49, 101, 118, 121). For example,
according to Handschin and Brintzinger (49), the
quantity pKHHL - pKHMHL for ATP, where M2+ is
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Mg?+, Mn?+, Zn?t, and Cu?t, equals 1.7, 1.9, 2.0, and
2.6, respectively. Thus, it seems clear that the proton
in the atpMgH~ and adpMgH complexes is the second-
ary phosphate proton of the phosphate chain which has
been modified by the presence of M2+ on the chain.

Conformation of the Phosphaie Chain as a Variable
in Metal-Chain Complex Formation.—Intrachain con-
formational charges with complex formation is a factor
which has received little attention in the study of metal-
nucleotide complexes. It has, however, been predicted
by the use of molecular models that considerable con-
formational changes in the phosphate chain are to be
expected in complex formation. The chain would be
expected to remain more or less linear for large cations
and fold back on itself or “wrap around”’ smaller metal
cations (88). This explanation has been offered to ex-
plain the relative binding abilities of AMP, ADP,
and ATP (134). Models show that all cations with
radius less than Na* would be expected to form a
closed-chain structure, while monopositive cations with
a radius greater than K+ would be expected to form an
open-chain structure (88).

Recent thermodynamic studies give some indirect,
experimental evidence in support of intrachain con-
formational changes in complex formation. This
evidence is given in a comparison of the thermodynamic
data for the complex formation of atpMg?—, adpMg?-,
and other Mg?* phosphate complexes. Comparison
of this data shows large differences in the thermody-
namic quantities (10 eu in AS®, 0.8 kecal/mole in AH®,
and 2.1 keal/mole in AF°). According to the evidence
given in a previous section and to evidence presented
below under physical studies, these complexes have
very similar bonding in the phosphate chain, <.e., to
the - and B-phosphate groups in adpMg— and the 8-
and a-phosphate groups in atpMg?~. The large ob-
served differences might be explained by the change in
charge, which results in a change in chain conforma-
tion, both of which result in a change in hydration
(101).

¢. The Metal-Bridge Complex

If the fact is kept in mind that the adenine nucleo-
tides have a primary (chain) and a secondary (ring)
binding site, it will be clear that the arguments pre-
sented here are not in opposition to the arguments pre-
sented in the previous section to establish the fact of
chain binding. In fact, to assert the formation of a
metal-bridge species is to assert chain binding, since
every bridge must be anchored at both ends. Whatis
asserted in this section is that in some molecules the
metal ion bound to the chain is also chelated to the
nitrogens of the adenine ring in a way which does not
greatly disturb primary (chain) site binding. In the
two following sections, evidence from equilibrium stud-
ies for the existence of a metal-bridge species and some

suggested structures for these metal-bridge species will
be presented. (Confirmatory evidence may be found in
section ITI.)

The Fact of Metal-Bridge Formation. I. The a
priore Argument.—According to Szent-Gyorgi, energy
accepted at the adenine end of the ATP molecule must
in some way be transferred to the phosphate end where
it is stored and ultimately used. This could be brought
about by hydrogen bonding as discussed under strue-
ture of the free adenine nucleotides in solution. How-
ever, the Mg?* requirement of many phosphorylation
reactions implicates the Mg?*t ion in this transfer.
Atomic models show that free rotation about the Ny
G, C/-Cy’ and Cy'-0O bonds allows the negative oxy-
gens of the phosphate chain to be brought into close
proximity to the adenine ring. This positioning of the
chain and ring allows a metal ion to form a “quadri-
dentate chelate’’ involving negative oxygens of the -
and +y-phosphate groups of ATP and the Ny and NH,
nitrogens of the adenine ring (structure IX, Figure 2)
(125). It seems, then, that such a structure is at least
sterically and energetically possible.

2. Indirect Proof from Hydrolysis and Dimeriza-
tion Constants.—Hydrolysis constants for the forma-
tion compounds such as atpM(OH)3— and dimerization
constants for the formation of complexes such as [atp-
M(OH) ]*~ have been determined by Kahn and Mar-
tell (63, 64) and have been presented in Table V. Zn-
ADP, ZnATP, CuADP, and CuATP complexes have
been studied with regard to hydrolysis and dimerization.
It was found that adpZn—, adpCu~, and atpCu?~ form
hydroxo complexes and dimers, while atpZn?— does
not. This has been explained by Kahn and Martell in
terms of metal-bridge formation. It was postulated
that adpZn—, adpCu—, and atpCu?~ are all «,8-phos-
phate chain complexes and therefore have metal val-
ences free for the formation of hydroxo complexes and
dimers. On the other hand, atpZn?~ must be a quadri-
dentate chelate involving a-, 8-, and y-phosphate oxy-
gens and Ny (structure X, Figure 2). Thus it has no
valences free for OH~ groups or dimerization (64).

8. Metal-Bridge Complex Formation Constants.—
Using an ultraviolet spectrophotometric technique,
Schneider and Brintzinger (110) have quantitatively
determined the degree of metal-bridge complex forma-
tion for several M?+* ions. Essentially, the method
follows the ultraviolet spectrum of the adenine ring.
The binding of the metal ions to the adenine ring in
adenosine was determined in a separate experiment.
The effect of direct M2+ binding to the adenine ring
was then subtracted from the total metal binding on the
ring in several atpM?— complexes as determined by
ultraviolet spectra. The remaining metal-ring bind-
ing is assumed to be by metal already bound to the pri-
mary binding site on the phosphate chain. This, there-
fore, would be a measure of the fraction of metal bound
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to both sites, 7.e., to the degree of metal-bridge forma-
tion. These data have been presented in Table VII.
Clearly, sizeable percentages of transition metal-ATP
complexes are in the metal-bridge form, especially Cu-
(IT) complexes, which are 809 bridge according to these
data. This is to be expected since Cu(II) has strong
electrostatic as well as strong nitrogen chelating ability.

A further interesting point made in this study is that
although in atpCu?-, 809 of the Cu(II) ions are bound
to the adenine ring as well as to the phosphate chain,
its net binding is only slightly greater than in the Cu-
(II) methyl triphosphate complex, CH;tpCu?~ (log
K%%urr = 6.30 = 0.05 and log Ky = 6.17 =
0.05).

The Structure of Metal-Bridge Compleres.—There is
some disagreement about the structural details of
metal-bridge complexes. All that is definitely agreed
upon is that the negative oxygens of the phosphate
chain and the nitrogens of the adenine NH,; and Ny are
the groups involved. Chemical intuition has guided
investigators to several different structures, which have
been collected in Figure 2, along with references indicat-
ing their source. It is probable that in solution several
of these structures are in equilibrium, but which ones
are present and to what extent has not as yet been de-
termined.

d. The Metal-Ring Complex

By metal-ring complexes is meant an adenosine or
adenine nucleotide-metal ion complex in which the
metal ion is bound only to the adenine ring. Clearly,
for most metal ions the percentage of this species would
be extremely small since most ions bind much more
strongly to the primary phosphate chain site. How-
ever, for metal ions that bind more strongly to the
secondary, nitrogen chelating site, e.g., Ag™, or for the
second metal ion in 2:1 metal:nucleotide multiple
complexes, this type of bonding would be important.

Evidence for Metal-Ring Complex Formation. 1. pH
titration studies have shown that pH titration curves
for the titration of adenosine in the presence and ab-
sence of M?* ions including Cu(II) and Zn(II) show
little or no effect by the metal ion. It has been con-
cluded, therefore, in at least three independent pH
titration studies that there is little or no detectable
M:2+-adenosine complex formation (1, 63, 114). It
should be pointed out, however, that pH titration would
not be expected to be a sensitive method for determin-
ing a M2+ complex formation constant for two reasons.
First, the largest log formation constant reported for
M2+ jons and adenosine is for Cu(II) and is only 0.84,
while others are far less (Table I). In this method, the
M2+ jon is competing with H+ ion which has a binding
constant of 4.0. Secondly, the M2+ ion might be bind-
ing partially or even primarily to the Ny site (12, 13),
making the pH titration method even more indirect.

2. Cu(Il) Complex Formation Constants by Effects
of Ligands on Cu(II} Catalysis.—A method has been de-
veloped for estimating the degree of complex formation
of a ligand with Cu(II) by its effect on the rate of oxi-
dation of ascorbic acid, catalyzed by Cu(II) (39). Ap-
plication of this method to adenine and some of its de-
rivatives at pH 7.2 has indicated the following relative
order of Cu(Il) complex formation: adenine > ATP
> AMP > adenosine. N;-Methylated adenine com-
pounds showed no indication of Cu{II) complex forma-
tion. Although no complex formation constants were
calculated, this study indicated considerable complex
formation of Cu(II} with adenosine and the adenine
nucleotides and assigned an essential role to the N7 ni-
trogen of the adenine ring in adenosine in the complex
formation (38).

3. Metal-Ring Complex Formation Constants by
Ultraviolet Spectra.—The complex formation constants
of several metal ions with adenosine have been deter-
mined as a means of measuring metal-bridge formation
as described above (110). These constants are given
in Table VII.

E. THE PERCENTAGE OF EACH CHEMICAL
SPECIES PRESENT

For g given metal ion and metal ion complexing com-
pound, the percentages of each chemical species present
in a system is a simple function of pH and metal ion
concentration. This dependence might be illustrated
by the quantitative treatment of a simple and most use-
ful general situation of a 1:1 complex with an ioniza-
tion related to the complex formation

y K 1—z—y—z

LH « L + H
+ +
M M (Eq7)
1 K« K, 1 K
LMH IM + H
z z

Clearly, there are four different chemical species of the
compound present, L, LH, LM, and LMH. The frac-
tion of the total existing in each form has been desig-
nated in terms of the parameters «, ¥, and z. Simul-
taneous solution of the equilibrium expressions yields
the following values for z, y, and 2

K\KoKsM

¥ = REKEKM + KKMH + KK + Kof (P9 ®
K.H
V= RERMN + KKMH + KK, + K P49
KK
;= K MH (Eq 10)

K\KKsM + KiKoeMH + KK + KsH

where M = concentration of free metal ion; H = hy-
drogen ion concentration.
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In the case of the adenine nucleotides, the species LH
and L might be folded by hydrogen bonding as de-
scribed above by Melchior (88), while the species LMH
and LM might be folded by metal-bridge formation as
described by Schneider and Brintzinger (110). For the
adenine nucleotides the above description, where H is
the secondary phosphate ionization, does apply for the
pH range 6-9 and for metal nucleotide concentrations
where only 1:1 complexes are formed; in general this
means in dilute solutions in which there is no large
excess of metal ion or nucleotide. Therefore, using the
equilibrium constants from Table I, the percentages of
each species present at given pH and metal ion concen-
tration can be calculated. In many equilibrium, ki-
netic, and physical studies it would be expected that plot~
ting concentrations of the various individual species in
pH and metal ion concentration variations would give
more understandable correlations with experimental
results than simply plotting against net nucleotide
concentration.

II1. PuysicaL STUDIES

In this section are included several valuable experi-
mental studies which were aimed primarily at the elu-
cidation of molecular structure rather than at the de-
termination of equilibrium or thermodynamic data. It
will be seen that these methods are, in general, capable
of penetrating to structural detail in far greater degree
than the equilibrium methods of the previous section.
On the other hand, these methods are, in general, quali-
tative in their results; 7.e., they determine the presence
or absence of a given structural feature without speci-
fying how many of the molecules in the system possess
this observed structural characteristic. If this is kept
in mind, it will become clear that these physical studies
are in general agreement with equilibrium and thermo-
dynamic studies and provide valuable structural infor-
mation with regard to individual chemical species pres-
ent in varying degrees in the systems studied.

A. X-RAY DIFFRACTION

Several X-ray diffraction studies have been carried
out on adenine nucleotides in the solid state. It has
been found, for instance, that the adenine ring is planar
and that in adenosine the plane of the adenine ring is
parallel to the plane of the ribose moiety (52). In ade-
nine hydrochloride, the proton of the HCl is on the N
nitrogen of the ring (21). The structure of AMP in the
crystalline state has been determined in detail and it
has been found that in crystalline AMP the molecules
are in a roughly linear form with all H bonding be-
tween chain and ring being of the intermolecular type
(69, 70, 85).

An X-ray diffraction study of amorphous dibarium
ATP has indicated that in this form the extended

length of the molecule is 22.5 A and the separation be-
tween the two barium atoms is 8.2 A (93).

It must be pointed out, however, with regard to the
subject of this review that the above information must
be used with extreme caution, since hydration plays a
major role in the ionization, metal complex formation,
and conformation in solution of adenosine, and es-
pecially of the adenine nucleotides.

B. ULTRAVIOLET SPECTROPHOTOMETRY

Ultraviolet spectra have been used to obtain three
different types of data with regard to the adenine ring
of the adenine nucleotides. They will be treated separ-
ately as follows:

1. Change in the Ultraviolet Spectrum of Adenosine
and the Adenine Nucleotides on the Addition
of Metal Ions

It has been found that the ultraviolet spectra of
adenosine and the adenine nucleotides change on the ad-
dition of metal ions to an extent which depends on the
nature of the added metal ions. The change in spec-
trum is in the following order: Hg?+ 2> Cu?t+ >
Niz+ > Co?* > Zn?*+ > Mn?+ > Ca?+ > Mp2+ (32, 110)
where the change for Ca2*+ and Mg?+ is so small that
one investigator has reported that there is no change
(8). This has been interpreted as an indication of ni-
trogen chelation on the Ny of the adenine ring with fur-
ther chelation to the nitrogen of the NH, group either
possible or present (32, 110).

2. Changes in Optical Density at 260 mu on Cu®*
Complex Formation for ATP and ADP

It has been found that there is no change in optical
density at 260 mu on the formation of atpCu?—, but
that there is a change on the formation of adpCu— (111).
This has been interpreted as evidence that the terminal
phosphate group in atpCu?— is trans to the N; atom
and in the same plane as the adenine ring, while in adp-
Cu~ the terminal phosphate group is to the N7 atom
and not in the same plane as the adenine ring (111).

8. Changesin pK = ~/4 Ring Ionization by
Mg?+ and Ca?+

Using an ultraviolet method for the determination of
the pK = ~4 ring ionization of ATP, ADP, and adeno-
sine, it was found that the apparent pK varies with ad-
dition of Ca?* and Mg?* in ATP and ADP but not in
adenosine (56). Thus, the presence of the phosphate
chain in ATP and ADP enables the Mg?+ and Ca?* to
influence the ring ionization of these compounds. Since
it is known that these ions bind to the phosphate chain,
it has been postulated that part of the ATP is in a
curled or folded form with the Mg?+ or Ca?+ ions be-~
tween the chain and the ring (56).
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C. INFRARED SPECTROPHOTOMETRY

1. The pK = ~4 Iontzation of ATP

Infrared studies of ATP in D,0O solution have shown
that in the first ionization of atpH,2~ (pK = ~4) the
proton is dissociating from N of the adenine ring (67).

2, Some Structural Details of Metal-Chain
Complex Formation

Infrared spectra in aqueous solution at pH 8.9 in the
range 850-1450 cm~! have been interpreted by Brint-
zinger (11) as giving evidence for the following. a.
Immediate coordination (no intervening water mole-
cule) between M?* and the v (terminal) phosphate
group of ATP occurred to the extent Cu?*t 1009;
Mn?+, Co?+, Ni?t, and Mg?+ 60-409,; Ca?* a few
percent. b. A coordinative interaction between metal
ion and the a- or 3-phosphate groups occurred in a
weak to moderate percentage in the complexes stud-
ied (Cu?+, Mn?+, Co?t+, Ni?+, Mg?+, Ca?**t). c. Cor-
relation of the acidity of the hydrated metal ion with
spectral changes accompanying proton dissociation
suggests a ‘‘localized hydrolysis” as illustrated in struc-
ture V of Figure 2. This conclusion is in good agree-
ment with the theory of the section on complexes in-
volving hydrolysis of the hydrated metal ion above.
d. Comparison of the spectra of ATP and methyl
triphosphate for the region 850-1450 cm—* indicates no
ribose or ring involvement in the complex formation.
However, as the result of a study of atpMg?— spectra
taken at pH 7.0 over an expanded wavelength range, it
has been reported by Epp, Ramasarma, and Wetter
that on formation of atpMg?~ a band appears at 1685
cin~—! (36). This is taken to be indicative of a -C=
N7+ group which in turn suggests that the Mg?+ ion is
supplying the positive charge through metal-bridge for-
mation (36). However, a subsequent study of atp-
Mg?~ formation by Feldman and Keil has indicated
that the band observed by Epp, Ramasarma, and Wet-
ter at 1685 e~ is largely due to an artifact in the ex-
perimental method employed. It was concluded in the
subsequent study that solid-state infrared studies show
only a small change in the adenine ring spectrum which
is probably due to the fact that the freeze drying of
samples packs Mg?t+ ions close to the adenine ring of
ATP and that in solution the interaction would be neg-
ligible (37).

D. NUCLEAR MAGNETIC RESONANCE (NMR)

1. The pK = ~7 Ionization of ATP and ADP

Nmr studies of ATP and ADP as a function of pH
indicate that the pK = ~7 ionization is from the y-phos-
phate group in ATP and the g-phosphate group in ADP
(24).

2. Some Structural Details of Metal-Adenine
Nucleotide Complexes

Using an nmr technique the chemical shifts may be
followed for all the phosphorus atoms of the phosphate
chain and the C,, Cs, and C,’ protons. This was done for
ATP and ADP complex formation reactions with Mg?+,
Ca?t, Mn?+, Co?* Ni?t, Zn?t, and Cu?* (23, 48, 123,
124). The dats indicate whether or not these groups
are involved in the complex bonding, but do not in gen-
eral give information as to the extent of the interaction.
The experimental conditions were such that a small in-
teraction of a few per cent or less might not be detected
(24). The results are given in Table VIII. Changes
in the C,, Cs, or C;’ protons indicate ring involve-
ment. An interesting observation was made by Cohn
and Hughes (23) to the effect that since Mn?+ can re-
place both Cu?* and Mg?t in some metal specific en-
zyme reactions, perhaps the ATPMn complex is a mix-
ture of Cu?t-like complex (3, v, Hs) and Mg?+-
like complex (8, v).

TasiLe VIII
SiTes INVOLVED IN THE BINDING OF M2+ IoNs TO atpé~ AND
adp3~ ror VARIOUS METAL IoNs As DETERMINED BY NMR
STUpIES ON THE PHOSPHORUS ATOMS (@, 8, v) OF THE PHOSPHATE
CraIN aND THE Hj, Hy, AND H; PROTONS OF THE ADENOSINE
Morety oF ATP anp ADP

ATP ~ - ADP
M Sites Ref Sites Ref
Mg?+ 8, v 23, 24, 48 a B 23, 24, 48
Cat+ B, v 23, 24, 48
Mn?+ @B v H 2324123, o8 H 2324
124
Co+ @B v H 123 124
Niz+ a, B, v, H 123, 124
Zn2+ 8, vH 23 24
Cuz+ 8, vH 23 24 o 8 H 23 24

¢ The symbol H under “sites” indicates that the nmr be-
havior of one or more of the protons mentioned was altered, indi-
cating some sort of ring involvement in the binding.

Comparison of Table VIII with Table VII shows
qualitative agreement between the nmr and ultra-
violet results as to the sites involved in complex forma-
tion. However, the detailed nmr study of the Mn2+,
Co?+, and Ni?t+ complexes of atp?!— by Sternlicht,
Shulman, and Anderson has lead to disagreement as to
the extent of metal-bridge or “back-bound” complex
formation for these three complexes. It has been shown
in this nmr study that the times of association of the
metal ion with the adenine ring and with the phosphate
chain are the same. It was therefore concluded that
the metal ion binds to both sites simultaneously, and
that since for the atpMn?+, atpCo?~, and atpNi?— com-
plexes, complex formation is virtually complete, the
following might be concluded for these three complexes.
(1) There is essentially one species of complex in solu-
tion; (2) this species involves close to 1009, binding to
the adenine ring by the Mn?+, Co?* or Ni2t ion; (3)
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the conformation in solution of this complex is prob-
ably that suggested by Szent-Syorgyi (structure IX,
Figure 2) (123, 124). Clearly, the ultraviolet results
of Table VII which give the per cent of folded or back-
bound complex as 3, 12, and 209, for the Mn?+, Co?*,
and Ni?+ complexes, respectively, are in considerable
disagreement with these conclusions. It seems that
neither the nmr nor the ultraviolet evidence is conelu-
sive. The determination of the extent of folding, back-
binding, or metal-bridge formation for these compounds
therefore remains g problem for another study.

The nmr data of Sternlicht, Shulman, and Anderson
are also incompatible with the formation of statis-
tically significant amounts of multiple complexes in the
formation of ATPMn, ATPCo, and ATPNi complexes,
under the experimental conditions employed (pH 8.5-
9.0, large excess of ATP at concentrations of 0.30-
0.35 M, temperature 0-95°) (123, 124). This is in
agreement with the conclusion given in the section on
multiple complexes under equilibrium and thermody-
namic studies.

E. OPTICAL ROTARY DISPERSION (ORD)

A few optical rotary dispersion studies have indi-
cated some kind of conformational change or electro-
static ring—chain interaction in the free adenine nucleo-
tides in solution as the pH is varied from 3 to 10 (74, 78).
These results, however, provide little definite struc-
tural information. With regard to the metal-adenine
nucleotide complexes it has been found that addition
of Cat* or Mg?+ to ATP at pH 7 has no effect on ORD
implying no conformational change (86). This is in
agreement with the theory that Ca?* and Mg+ com-
plexes of ATP are almost entirely metal-chain com-
plexes. On the other hand, addition of Zn?*+ brings
about changes in ORD indicating conformational
change and metal-bridge formation (86).

F. ELECTRON SPIN RESONANCE (ESR)

An early report stemming from esr evidence sug-
gested ring—chain interaction in free ATP in solution
(57). It was later found that the commercial ATP
used contained 75.2 = 4 ug of Cu/g of ATP which
accounted for the esr signal of ring—chain interaction
(109). Further esr study of Cu free ATP did not pro-
vide evidence for ring change interaction in free ATP
(109).

G. CONDUCTANCE TITRATION

A series of conductance titrations of deoxyribonucleic
acid (DNA) with Mg?* and Cu?* ions have been car-
ried out by Zubay under various conditions (138-140).
It was found that denaturing DNA greatly increases its
ability to bind Mg2?+ and Cu?+. Also, blocking the NH,
group of the adenine ring with HCHO cuts the Mg?+
ion binding to 509 of what it was before the NH, group

was blocked. Further, denatured DNA binds 0.71
charge equiv of Mg?t/phosphate group and similarly
0.83 charge equiv of Cu?+/phosphate group. All three
of these observations are interpreted by Zubay as indi-
cating moderate to strong Mg?+t-NH; interaction in
DNA-Mg binding. If this conclusion were trans-
ferred to the adenine-nucleotides it would be in oppo-
sition to the evidence provided by all other studies cited
in this paper. However, these observations might well
be explained by effects associated with the polymer
structure of DNA.

IV. MO CALCULATIONS

In spite of the special difficulties connected with MO
calculations on chelate compounds (62), such a set of
calculations has been carried out on metal-nucleotide
complexes by Fukui, Imamura, and Nagata (40). In
considering the results of these calculations it must be
kept in mind that they apply to metal-nucleotide
chelates in the gas phase. Any conclusions drawn from
even the most sophisticated MO calculations with re-
gard to the structure or conformation of these com-
pounds in solution must take account of the fact that
hydration is a, if not the, dominating factor in these
complex formation reactions in solution. This has
been shown by thermodynamic studies (101). There-
fore, a direct correlation between these very interesting
MO calculations and equilibrium thermodynamic and
physical studies which have been carried out in solution
should not be expected.

Using the simple LCAO MO method, Fukui, Ima-
mura, and Nagata have calculated three parameters
for various possible structures of metal-ATP com-
plexes. The four possible structures of M-ATP con-
sidered and that of M—ADP are given in Figure 3. The
three parameters are: the stabilization energy for com-
plex formation, Es; superdelocalizability for nucleo-
philic attack on each of the three phosphorus atoms
of the phosphate chain, S,™, 8,™, 8, and the
total w-electron density at each phosphorus atom
Qa» Qs 9, These quantities are listed in Table IX,
Experimental studies have provided some information
with regard to what the relative values of these quan-
tities should be. First, the regard to stabilization ener-
gies: equilibrium studies have provided various AF°
values for complex formation reactions. If it were as-
sumed that the entropy term is the same in any two of
the given reactions (it would appear that they are not),
then the calculated stabilization energy should be a
measure of the relative values of AF°. Thus, a means
would be provided for comparing calculation with ex-
periment. In the present case it is known that AF° for
the formation of M-ATP is more favorable than AF°
for the formation of M—ADP. It is assumed then that
the calculated stabilization energies for any statis-
tically significant structure of M~ATP must be greater
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TasLe IX
MO ParaMETERS CALCULATED TO DETERMINE THE CONFORMATION OF atpM?~ CoMPLEXES IN THE Gas PHasge

Stabilization
energy,

Superdelocalizability for nucleophilic
attack on phosphorus atom

w=Electron density
for the phosphorus atom

Compd E,s Sp, M Spg™ Sp,, qPy Pg P,
adp?®~ (phosphate part only) .. 1.182 1.099 N 0.270 0.329
adpM ™~ 3.705 1.097 1.184 0.278 0.270
atp~ (phosphate part only) ce. 1.183 1.191 1.099 0.269 0.268 0.329
atpM?~ model 1 7.890 1.182 1.101 1.180 0.270 0.277 0.272
atpM?~ model 2 9.443 1.096 1.103 1.183 0.278 0.276 0.270
atpM?~ model 3 2.538 1.097 1.104 1.099 0.278 0.277 0.329
atpM?2~ model 4 1.205 1.182 1.105 1.184 0.269 0.272 0.270
atpM2~ exptl atpM2= > adpM~  8p,™ ~ Sp, M > Sp™ re ~ gy < grg

¢ Values in boldface type are in agreement with experimental data given in the bottom row of the table.

tures indicated as models 1-4 (40).
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Figure 3.—Models used by Fukui, Imamura, and Nagata for
calculating MO parameters to determine the conformation of
atpM?®~ complexes in the gas phase. These parameters are listed
in Table IX. It was concluded that model 1 would be most
stable (40).

than that of M~ADP. This has been indicated in the
bottom row of Table IX as experimental, atpM?2— >
adpM— for the stabilization energy. With regard to
the values of E, in column one, it might be noted, in
general, that the calculated values of the stabilization
energies for model three and especially for model four
are significantly smaller than those for models one and
two. This seems to be accounted for by the signifi-
cantly greater possibilities for delocalization in models
one and two of the M—ATP complexes.

In order to convert these stabilization energies to
AF° values it would be necessary to apply an entropy

See Figure 3 for the struc-

correction as was mentioned above. It is intuitively
clear that such a term would be extremely unfavorable
for model one and somewhat unfavorable for model two
while it would be much less so for models three and
four. In terms of AF° then, even in the gas phase,
models three and especially four would be more favor-
able than would appear from the calculated stabiliza-
tion energies.

Secondly, with regard to superdelocalizability: ex-
perimental evidence on ATP reactivity has shown that
phosphate group reactivity for nucleophilic attack is in
the following order: o-P ~ ~v-P > 8-P (25). Since
electron superdelocalizability should correlate with
reactivity, the calculated values of this parameter for
acceptable models should be in the following order:
8™ ~ 8,M > 8, This has been indicated in the
bottom row of Table IX.

Thirdly, w-electron density on the phosphorus atoms
of ATP: ATP reactivity and nmr studies (25) have
shown that w-electron density should be in the fol-
lowing relation: gp, ~ gpy < gpg. This has been indi-
cated in the bottom row of Table IX, for comparison
with the calculated values.

Comparison of the bottom row experimental values
with the calculated values for the four possible struc-
tures of M—-ATP considered shows that only model one,
the quadridentate chelate structure, gives proper cal-
culated values; therefore, with the qualifications men-
tioned above it seems that MO calculations indicate that
the quadridentate chelate structure would predominate
in the gas phase for M-ATP complexes.

V. KiINETIC STUDIES

A. THE TEMPERATURE JUMP METHOD

With the help of short, high voltage electrical in-
pulses, rapid temperature changes can be produced in
conducting reaction systems. Reactions having signif-
icant enthalpies are displaced from equilibrium by such
a temperature jump. The kinetics of return to equi-
librium may be then studied by a suitable physical
method: in the case described here, change in optical
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TaBLe X
RatE ConsTaNTs FOR THE PROTON-TRANSFER STEPS OF MgATP aND MgADP IonizatioN aNp CoMPLEX
ForMaTION (Eq 11) AT 13 == 2°in 0.1 M KNO;»4

Log ku, Log ks,

Reactants®d M~1gec? M -1 gec!
ADP + PR 7.53 8.85
ADP + CPR 8.30 8.00
ATP + PR 7.68 8.85
ATP + CPR 8.30 7.90

e Values given are 4309, (30, 33, 35).
Schwarzenbach (84).

——————Log kus/ka

Log ks, Log kss, pH titration®

M =1 gec™! M-1gec! These data data
2.78 10.48 1.32 1.32
4.28 10.36 —0.30 —0.28
2.78 10.48 1.17 1.18
4.28 10.36 —0.40 —0.41

® The values in this column are from the pH titration equilibrium studies of Martell and
¢ PR = phenol red; CPR = chlor phenol red.
errors (30, 35) but later appeared in the above corrected form (33).

4 The data in this table were first printed with several printing

TasLE XI
Rate CoNsTANTS FOR THE METAL-CoMPLEX ForMaTION STEPS OF MgATP aND MgADP IoNIZATION AND
ComrLEX Formarion (Eq 11) AT 26 £ 2° 1v 0.1 M KNOy*®

Log ki3, Log ks1, Log ku,
Reactants sec ! M1 gec! gec ~!
Mg?t 4+ ADP 3.40 6.48 4.48
Mg2+ 4+ ATP 3.08 7.08 4.48
Ca?* + ADP >5.60 >8.40
Catt 4 ATP >5.40 >9.00

o Values are +359; for ADP (30, 33, 35).
appeared in the above corrected form (33).
Schwarzenback (84).

density translated and recorded by an oscillographic
system (29).

B. KINETIC DATA FROM THE TEMPERATURE
JUMP METHOD

The kinetics of Ca?* and Mg?+ complex formation
with ATP and ADP have been studied by use of the
temperature method by Eigen, Hammes, and Diebler
(30, 33, 35). The over-all reaction scheme including
the indicators required by the method is as follows

btz

(I Matp?~ 4+ HIn- =
kan

MatpH~ 4+ In?2~ (II)

i kot Eou [ ke (Eq 11)

kss
(IIT) M2+ 4 atpt~ + HIn— = M2+ + atpH?~ + In2~ (IV)
k4

ks
I atp'~ + HIn- = atpH®- + Int~ IV
ka3

kea % ks ks Vs Fess

atps™ + In?2~ + H*
(V)

By studying the system in the absence of metal ions,
the rate constants for the proton-transfer steps of (Eq
11) were first determined. These have been listed
in Table X. Then, direct study of the over-all
ionization—complex formation system along with the
proton-transfer rate constants yielded the rate con-
stants for the complex formation reaction of the
fully ionized and the singly protonated species of
ATP and ADP. These are given in Table XI, both for

~——Log ka/kis, M 1 ~—Log ks/kou, M ~d——

Log ke, pH ti- pH ti-
M1gec-! These data tration data® These data  tration data®
6.00 3.08 3.1 1.52 1.0
6.48 4.00 4.0 2.0 2.0
2.80 2.8 . .
3.60 3.6 ca 1.8

® The data in this table were first printed with several printing errors (30, 35) but later
¢ The values in this column are from the pH titration equilibrium studies of Martell and

Mg?* and Ca?t. A comparison with equilibrium data
was made by Eigen and Hammes by comparing ratios
of the rate constants determined by the temperature
jump method with equilibrium constants determined
by pH titration (30, 33, 35). As can be seen from
Tables X and XTI the agreement is good.

C. SOME CHEMICAL AND BIOLOGICAL IMPLICATIONS

Inspection of the data in Tables X and XI show the
following: 1. Rate constants for the proton transfer
reactions of atpH®— and adpH?— are the same. 2.
kg (M?2* < fully ionized species) is four times greater
for ATP than for ADP. ke (M?* 4 singly protonated
species) is three times greater for ATP than for ADP.
3. Rate constants for M2+ 4 atp*~, atpH?®—, adp’-,
or adpH?~ are 100 times greater for Ca?* than for
Mg2?+.

These relations seem to be typical of protonation and
Ca?t and Mg?+ complex formation reactions in general
(34, 135). However, for biochemical systems, these
relations have profound implications. Since in bio-
chemical systems reactions often occur by kinetic
selection the fact that Ca?* complexes with ATP much
more quickly than Mg?* could determine the path of
some biological reaction systems. Some of these pos-
sibilities with respect to enzyme catalyzed reactions are
discussed by Diebler (30).
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