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Summary

31p NMR chemical shifts of salts of adenosine 5'-triphosphate and diphos-
phate: ATPH? 2(Me,N") - H,0, ATPH? 2 Na' - 3.5 H,0, ATPH? Mg** - 4H,0,
ATPHj3 Ca?* - 2 H,0, ADPH?>"2(Me,N") - H,O and ADPH?> Mg?** - 4 H,0 have
been measured in 0.02 M 2H,O solutions at 145.7 MHz (22°C) at constant p°’H
values (8.20 and 6.20). The results are compared with those obtained from
salts of adenosine 5'-monophosphate and other simpler phosphomonoesters,
e.g. AMP?"2(Me,N*), AMP?"Mg?*, AMPH Me,N' and (AMPH ),Mg**. 1t is
concluded that the effects exerted by Mg?* and Ca?* on the 3!P NMR shifts of
dipoly- and tripolyphosphates relative to monovalent cations are due mainly
to changes in conformation of the polyphosphate chain rather than to purely
electronic factors associated with the binding of divalent cations to the
phospho-oxyanions. The data are consistent with the existence of the following
complexes at p?H 8.20:

(MgP,Ps)ADP~ and (MgP,P,)ATP?™ = (MgP,P;) ATP?~ = (MgP,P,)ATP?

with the latter equilibrium relatively fast in the NMR time scale. Monoprotona-
tion of the terminal phosphate appears to weaken the Mg?*-polyphosphate
binding, particularly at P; of MgADPH and at Pg and P, of MgATPH". The
Mg?*-polyphosphate binding weakens further at p*H 3.70, i.e. in MgATPH,.
Possible implications of the results in the mechanism of actomyosin Mg?*-
ATPase in muscle contraction are discussed.

* To whom correspondence should be addressed.



22
Introduction

The role played by metal ions in biological systems has been the subject of
much discussion [1—5]. Mg?* is essential in a number of reactions in which
water, alcohols, carboxylic acids, phosphomonoesters and other nucleophiles
attack the P, or P, electrophilic phosphate groups of nucleoside 5'-triphos-
phates under catalysis by enzymes of the ATPase and kinase types [6,7]. The
observation of the 3!P NMR spectra of enzyme-bound substrates in 3-phos-
phoglycerate kinase [8] and pyruvate kinase [9] has been described recently.
The interpretation of these observations relies on data concerning the effects
on *'P chemical shifts resulting from the binding of ATP, ADP and other
phosphorus-containing substrates and products to the enzymes, both in the
presence and in the absence of Mg?*. The origin of these effects is not well
understood at present, but it is apparent that the problem is related to the
more general question of the sensitivity of the 3'P and 'H NMR signals to
effects exerted by metal ions in nucleoside triphosphates [10—20], and by the
molecular conformation of phosphate esters [21].

Cohn and Hughes [22] first disclosed the significant effects of divalent metal
ions on the 3'P NMR chemical shifts of ADP and ATP in aqueous solutions.
These authors found that Mg?* caused down-field shifts of the P, and Pg
signals of ADP, but only of the Pg and P, signals of ATP relative to Me,N’
cations in 0.1 M solutions of the nucleotides, and concluded from these results
that the Mg?* binds to these particular phosphate groups.

Tran-Dinh and Neumann [23], working in 0.05 M *H,O solutions of ADP
reached the conclusion that the Mg?* binds exclusively to the P, atom of the
diphosphate. Tran-Dinh et al. [24] had previously concluded that, under
comparable conditions, Mg®* binds exclusively to the P; atom of ATP. These
authors ascribed the differences between their findings and those of Cohn and
Hughes concerning the binding of the metal ion to the terminal phosphate
group of the nucleotides to pK variations of this group in the presence of the
divalent metal cation. More recently, Jaffe and Cohn [25], in the course of
31p NMR studies on thioanalogs of adenine nucleotides, repeated their early
work on the effect of added magnesium salts to ATP. They concluded that this
method cannot be employed to specify the metal binding site in a polynucleo-
tide chain.

In view of the importance of the correct structural definition of MgATP
complexes, we have reexamined the 3'P NMR spectra of pure salts of ADP and
ATP at 145.7 MHz in ?H,O solutions maintaining constant p?H values of 8.20,
6.20 and 3.70, and at concentrations low enough to avoid significant self-
association of the nucleotides [26]. We have also compared the effects of Ca®*
with those of Mg?* under comparable conditions, and have extended the
measurements to monovalent cation salts of the nucleotides. The main thrust
of our conclusions is that the effects of divalent metal ions on *'P NMR shifts
of nucleoside 5'-polyphosphates are the result of changes in the conformation
of the polyphosphate chain, and therefore bear no simple correlation to the
particular phosphate group with which the metal cation is bound.



23
Materials and Methods

Preparation of ADP and ATP salts. The salts were prepared as follows. Sigma
Chemical Co. grade I ATPH? 2Na'-3.5H,0 and grade VI ADPH2?"2-
(¢-C¢H,;NH;)" - 2 H,O were dissolved in water and rapidly converted into
aqueous solutions of ATPH, and ADPH, using a column of BioRad AG50W-X8
resin (H* form) at 5°C. The column eluate was added to an aqueous solution
containing 1 mol equiv. of Ba(OH), at 5°C. The mixture was brought to 25°C
and was treated with a solution containing 1 mol equiv. of MgSO,. The BaSO,
was removed by centrifugation. The solution was evaporated to 5—10 ml at
15°C (1 mm), frozen, and the remaining water removed by lyophilization. The
salt was dried to constant weight over P,Os (18 h at 20°C, 0.5 mm). The
aqueous solution of ATPH, or ADPH; was added to 2 mol equiv. of
(CH;),N*OH" in water at 5°C. The salt was isolated as described above. The
aqueous solution of ATPH, was added to 1 mol equiv. of (CH;C0O0),Ca in
water at 20°C. The salt was obtained as described above. The purity of the salts
(greater than 99%) was established by TLC (cellulose, isobutyric acid/2.0 N
NH,OH (66 : 34)) and values of the neutralization equivalents obtained by
titration of 0.01 N solutions of the salts with 0.100 N (CH;),N'OH". The
elemental analysis of two of the salts are as follows. ATPH; Mg?* - 4 H,0,
Calcd. for C,oH;,N;0,,P;Mg: C, 19.9; H, 3.7; Mg, 4.0; N, 11.6; P, 15.4; N.E.,
300.8. Found: C, 19.9; H, 3.5; Mg, 4.1; N, 11.6; P, 15.3; N.E., 301.0.
ATPH2 2(Me,N") - H,O, Caled. for C,3H4oN,0,,P5: C, 32.2; H, 6.0; N, 14.6;
N.E., 335.7. Found: C, 32.2; H, 6.4; N, 14.5; N.E., 338.5.

High resolution 3'P NMR measurements. Each measurement was carried out
on a freshly prepared solution containing 0.10 mmol of the salts: ATPH3 2-
[(CH,),N]*" - H,0, ATPH3 2 Na'-3.5H,0, ATPH3 Ca®'-2H,0, ATPH}-
Mg?* - 4 H,0, ADPH?> 2[(CH;),N]" - H,0, and ADPH?>"Mg?** - 4 H,0, in 5.0 ml
of 2H,0. For measurements on ATP at p?H = 3.70, the solution of the corre-
sponding salt was adjusted to the p?H values with several ul of 1 N (CH3)4NOH
in 2H,0. For measurements on ATP at p?H values 6.20 and 8.20, the corre-
sponding salt was treated with 1 or 2 mol equiv. of (CH,),NOH in %H,0,
respectively. For measurements on ADP at p?H = 6.20 and 8.20, the same
procedure was utilized without added (CH,),NOH solution, or after addltlon of
1 mol equiv. of the base.

All 3P NMR chemical shifts are given in ppm from 85% H;PO,; positive
values are down-field from the reference.

pK determinations. The pK, measurements were carried out by the proce-
dure of Albert and Serjeant [27]. Values for all salts, except Ca**, are accurate
to *+0.1 unit; that for Ca?* to +0.2 unit. The pH measurements were carried out
with an Orion Model 801A Digital Ionanalyzer. The p?H values are pH + 0.4
[28].

Salts of phosphomonoesters. Phenyl phosphate, (ArO)P(O)(OH), or
adenosine 5 -phosphate, AMPH, - 2.5 H,O (Sigma Chemical Co.) were converted
into the bis-tetramethylammonium salts by titration with 2 mol equiv. of
(CH3)4NOH solution in 0.20 M water. Solutions of the salts were converted
into Mg?* salts (1 :1 stoichiometry) by an ion-exchange resin in the Mg?**
form. The mono-tetramethylammonium salts were made by titration of the
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acids with 1mol equiv. of (CH;),NOH solution. The 2:1 phosphate-
magnesium salts were made from 2 mol equiv. of the acids and 1 mol equiv.
of Ba(OH),, followed by 1 mol equiv. of MgSO, as described in the previous
section.

Results and Discussion

Acid-base equilibria in ADP and ATP solutions

The values given in the literature for pK,; and pK,, of ADPH?" and ATPH?"
are 7.20 and 7.68, respectively, at 25° C, extrapolated to zero ionic strength [29].
The corresponding pK, values obtained in this study from titrations of 0.01 M
H,O solutions of the salts with 0.100 N (CH,),NOH at 25°C are as follows:
ADPH?"2 Me,N*, 6.9; ADPH?>"Mg?*, 5.3; ATPH?* 3 Me,N", 7.2; ATPH*"2 Na’-
Me,N*, 7.0; ATPH®* Ca’*Me,N*, 5.6; and ATPH®> Mg?*Me,N*, 5.4. It is
apparent that the presence of Mg?* increases significantly the acidity of the last
ionizable proton of ADP and ATP, (approx. 1.6 and 1.8 pK, units, respec-
tively), relative to the Me;N* salts. This effect was noted earlier by Smith and
Alberty [30,31], who used different techniques to prepare their nucleotide-
metal complexes.

The ionic strengths prevailing in the solutions employed for our NMR
measurements are comparable to those which exist in the solutions used for
pK measurements. Therefore, it can be concluded that the NMR spectra
observed at p?H 8.20 reflect the behavior of species ADP*~ and ATP*". The
solutions at p?H 6.20 should contain significant amounts of ADP3*~ or ATP*",
in addition to species ADPH?*~ or ATPH?®~ when Mg?* and Ca®* are present.
The predominant species in solutions at p*H 3.70 should be ATPH3".

Effect of Mg** on the *'P NMR shifts of phosphomonoesters

An examination of the ¥'P NMR spectra of 0.20 M H,O solutions of salts
derived from phenyl phosphate at 24.3 MHz (Varian T60A NMR at 35°C)
disclosed two effects: (a) salts of the phosphate and Mg?* having1 :1and 2 :1
stoichiometry have very similar 3'P chemical shifts relative to the correspond-
ing Me,4N* salts. (b) The first protonation of the dianion is accompanied by a
significant up-field shift of the signal (A ~ 3—4 ppm), but further protonation
does not have much effect on the signal (negative values are up-field from the
reference): ArOP(0)03 2 Me,N*, —0.8; ArOP(0)03 Mg?*, —0.4; ArOP(O)-
(OH)OMe,N*, —8.5; [ArOP(O)(OH)O"],Mg?*, —3.5; ArOP(O)(OH),,
—3.9 ppm.

Anpanalogous situation is observed among salts of AMP (0.25 M H,O solu-
tions: AMP?~2 Me,N*, +3.6; AMP>"Mg?*, +3.2; AMPH MesN*, +1.1; (AMPH"™ )2-
Mg?*, +1.0 ppm. The 1nsen51t1v1ty of the 3'P 51gnal to salt formation with Mg**
is also shown by phosphodiesters, e.g. diphenyl phosphate: (ArO),P(0)O"-
Me,N*, —8.7; [(ArO),P(0)0"1,Mg?**, —8.8 ppm;

High resolution 3'P NMR studies on ADP and ATP salts
Fig. 1 shows that, at p*H 8.20, Mg?* exerts the same effect, namely a down-
field shift of 0.9 ppm, on the P, and Pj signals of ADP?" relative to Me,N".
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Fig. 1. 3P NMR chemical shifts of adenosine 5-diphosphate and triphosphate in 0.02 M 2H;0 in the
presence of different metal ions: (A) pZH 8.20; (B) p2H 6.20; (C) p?H 3.70 (p?H = pH (measured) + 0.4;
Ref. 28). Shifts are in ppm to high field of external 85% H3PO4, measured in a Brucker WH-360 instru-
ment at 1457 MHz (22°C), and are accurate to +0.01 ppm. In the current convention all values should be

preceded by a negative sign.
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The effect of Mg?* vs. Me,N" on dianions from phosphomonoesters is about
one-half as large (0.4 ppm) and varies in direction depending on the structure
of the ester, e.g. the shift is up-field for AMP?>~ and down-field for phenyl
phosphate. There is no obvious reason why the effect on 3'P NMR shift should
be significantly different when Mg?* binds to oxyanions of phospho- and pyro-
phosphomonoesters, if the effect is due exclusively to electronic factors. There-
fore we conclude that the effects on *'P NMR shifts observed when Mg?* binds
to ADP are the result mainly of changes in the conformation of the poly-
phosphate chain.

The conclusion reached above is strengthened by the data obtained with
ATP*". Mg®** causes down-field shifts of 0.8, 3.9 and 1.9 ppm on the P, P; and
P, signals of ATP*", respectively, relative to Me,N*. As shown in Scheme I, the

Scheme 1
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formation of six-membered cyclic complexes (MgP,Pz)ADP", (MgP,Pg)ATP?"
and (MgPﬁPy)ATPz”, and of the eight-membered cyclic complex, (MgP,P,)-
ATP?", should alter the polyphosphate chain conformation with respect to the
conformation of the same chain in salts of monovalent ions. These conforma-
tional changes may well account for most of the effects noted in Fig. 1A.

Na' resembles Me,N*, while Ca?* resembles Mg?*, in their effects on the *'P
shifts of ATP*" at p?H 8.20.

Fig. 1B shows that an increase in acidity of the solutions from p*H 8.20 to
6.20 has little effect on the P, signal of ADP and ATP, in the absence and in
the presence of Mg?*. However, interesting effects are noted on the terminal
phosphate signals, ADP-P; and ATP-P,, as a result of this increase in acidity. In
the absence of Mg?*, one observes only the up-field shift to be expected as a
result of the protonation of the relatively strong terminal oxyanion base
(corresponding to the pK, values of 6.9 and 7.2 for ADP and ATP, respec-
tively). In the presence of Mg?*, the effect of changing p*H from 8.20 to 6.20
on the terminal phosphate signal is virtually the same for ADP-P; and ATP-P,,
namely, a relatively small (approx. 1.3—1.5 ppm) up-field shift accompanied
by a significant broadening of the signal (this loss of resolution is not seen in
the respective P, signals). The broadening effect disappears at p*H 3.70
(Fig. 1C), where the ATP-P, signal becomes again a sharp doublet, with very
similar chemical shifts, in the presence and in the absence of Mg**.
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The response of the ATP-P; signal to the increase in acidity from p?H 8.20
to 6.20 is also of interest. In the absence of Mg?*, the signal undergoes only a
slight (approx. 0.6 ppm) up-field shift, as expected of a relatively weak oxy-
anion base (i.e. a relatively strong conjugate acid). However, in the presence of
Mg?*, the increase in acidity causes a 1.0 ppm up-field shift and a significant
broadening of the ATP-Pg signal, as was the case for the ATP-P,, signal. Again,
the broadening effect of the ATP-Pgsignal disappears at p>H 3.70, and the shift
approaches the value it has at this acidity in the absence of Mg**

It seems to us that the data in Fig.1 do not allow a definitive choice
between the three possible complexes of MgATP?" in aqueous solution. Indeed,
it may very well be that the three complexes exist in a dynamic equilibrium
which is established rapidly in the time scale of the NMR phenomenon. Even
the relative amounts of the three complexes present at equilibrium cannot be
deduced with assurance from these data; however, the close correspondence of
the Mg?* effect on the P, atoms of ADP3>~ and ATP*", and the relatively large
differences in the Mg?* effects on the P; atoms of the two nucleotides may
indicate that the predominant complex is (MgP,P,)ATP?", since the conforma-
tion of this complex should differ the most from that of the only complex
possible for MgADP~, i.e. the six-membered cyclic (MgP,Pg)ADP™ (cf.
Scheme I).

The broadening of the ADP-P; and the ATP-P; and P, signals at p?H 6.20
in the presence of Mg?* is puzzling. This apparent loss of resolution is not
observed with Mg?* at 0.1 M concentration, other parameters being constant.
The effect is not observed with Ca®* under the same experimental conditions
that produce the effect with Mg?*. The only explanation we can offer is that
protonation of the terminal phosphate weakens the Mg?*-polyphosphate bind-
ing, and that this allows the establishment of intermolecular complexes of the

type:

O o

Il Il
—— O—Mg—O——Il’—
I

For example, terminal protonation of ADP and weakening of the P;O-Mg
binding would produce intermolecular complexes of type [(MgP, PﬁH)ADP],,,
n>1, in equilibrium with the intramolecular complex, (MgP,P;H)ADP. At
the lowest concentration studied, the rate of formation of the intermolecular
complexes could be sufficiently slow in the NMR time scale to produce the
line-broadening effect noted. The picture would be analogous, although more
complicated, in the ATP solutions. Terminal protonation generates the intra-
molecular complexes: (MgP,P, H)ATP~, (MgP,P; - P,H)ATP~ and (MgP;P., H)-
ATP~, which would be in equilibrium with the corresponding intermolecular
complexes resulting from weakening of the P,O-Mg, P;O-Mg and P,0-Mg
binding, respectively. In this picture, the complex-weakening effect of terminal
protonation is assumed to be weakest at the more remote P, group, i.e. the
P,O-Mg binding is preserved. It would be reasonable also to expect a further
weakening of the Mg?*-polyphosphate binding at p?H 3.70.
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Previous studies in this laboratory may be pertinent to the present work.
X-ray diffraction analysis discloses the ability of Mg?* to bind two phosphate

~ |
groups quite tightly, P(O)OMgOP(O), at least in the crystalline state [32].
|

The reaction of a magnesium bromide-tetrahydrofuran complex with methyl
pyrophosphate esters shows that six and eight-membered cyclic magnesium
pyrophosphates can be prepared, as illustrated in Scheme II [33]. However,
two methyl groups on the same phosphate atom cannot be displaced by one
Mg?*; i.e., four-membered cyclic complexes with Mg, O and P atoms in the ring,
which have been suggested in the literature, cannot be made by this procedure.
Quite probably, salts with a 1 : 1 dianion : magnesium stoichiometry are either
cyclic dimers or linear polymers: [ROP(0)O3 Mg?*}],, rather than monomers
with a four-membered ring.

In summary, the results summarized in Fig. 1 differ to some extent from
those previously described [22—24], although one of our conclusions, namely,
that the effects of Mg?* on the 3'P NMR shifts of ATP do not provide a
straightforward indication of the sites of cation attachment, are in line with a
reevaluation of earlier work {25]. Differences between our data and previous
work are due to the following factors: (a) lower concentration of the nucleo-
tides, which minimizes self-association [26], and (b) use of pure salts of the
nucleotides free from extraneous ions.

The significance of our results lies in a better understanding of the *'P NMR
data in relation to the binding of Mg?* to ATP and ADP. Moreover, the data
support the recent hypothesis [34,35] that an important element in acto-
myosin Mg?*-ATPase in muscle contraction involves the tight binding of an
eight-membered cyclic (MgP,P,)ATP?" complex to the myosin active-site
pocket, and the hydrolysis of this complex to another tightly bound myosin-
ADP-Mg-P; complex, which is transformed into actomyosin-MgADP-P;, with a
six-membered cyclic (MgP,Pg)ADP™ complex and loosely bound P;, by inter-
action with the protein actin.
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