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Does the Magnesium( 11) Ion Interact with the a-Phosphate of Adenosine 
Triphosphate? An Investigation by Oxygen- 17 Nuclear Magnetic 
Resonance? 

Shuyen L. Huang and Ming-Daw Tsai* 

ABSTRACT: The binding of Mg2+ with adenine nucleotides is 
an important problem in enzyme-catalyzed phosphoryl transfer 
reactions. The previously used 31P chemical shift method has 
been shown to be inadequate to define the chelation pattern 
of the Mg2+ complex with adenosine 5’-triphosphate (ATP) 
[Jaffe, E. K., & Cohn, M. (1978) Biochemistry 17,652-6571. 
The center of controversy is whether the a-phosphate of ATP 
is involved in chelation. We have recently found that Mg2+ 
causes the 170 NMR signal of [y-1703]ATP to broaden [Tsai, 
M.-D., Huang, S .  L., Kozlowski, J. F., & Chang, C. C. (1 980) 
Biochemistry 19, 3531-35361. The 170 NMR method was 
then used to investigate the binding of Mg2+ with ATP and 
adenosine 5’-diphosphate (ADP). The results indicate that 
Mg2+ interacts with both the a- and @-phosphate of ADP, and 
all the a-, P-, and y-phosphates of ATP. The extent of a 

M o s t  of the enzyme-catalyzed phosphoryl transfer reac- 
tions require some metal ion as a cofactor. The prerequisite 
of understanding what metal ions might be doing in catalysis 
is to know where they are located. Although some metals also 
interact with the base part of nucleotides (Cohn & Hughes, 
1962; Lam et al., 1974), the binding with the phosphate portion 
is more important in phosphoryl transfer reactions. In the past 
two decades this problem has been extensively investigated by 
the 31P relaxation method, which allows calculation of the 
distances between metal ions and phosphorus nuclei on the 
basis of the effect of paramagnetic metal ions on 31P relaxation 
times (Mildvan & Cohn, 1970; Brown et al., 1973; Mildvan, 
1977, 1979). Recently Cleland and co-workers have prepared 
various isomers of substitution-inert nucleotide complexes of 
Co3+ and Cr3+ and established their structures by X-ray, 
NMR, and CD’ methods (Cleland & Mildvan, 1979; Cor- 
nelius et al., 1977; Merritt et al., 1978; Dunaway-Mariano & 
Cleland, 1980a). These complexes of known structure are then 
tested for their activity toward some specific enzymes to probe 
the chelation pattern of metal-nucleotide complexes in en- 
zyme-catalyzed reactions (Dunaway-Mariano & Cleland, 
1980b). Jaffe & Cohn (1979) have suggested that a metal- 
dependent stereospecificity reversal (e.g., for the diastereomers 
of ATPPS) is an indication’ for the involvement of that 
phosphoryl group in metal chelation during catalysis. 
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coordination in MgATP may be smaller than the P and y 
coordination. These results establish the “macroscopic” 
structure of MgADP and MgATP but have not determined 
the “microscopic” structures. The site specificity of the 
line-broadening effect in I7O NMR was supported by the 
results from substitution-inert Co3+ complexes of ADP and 
ATP with known structures. The CO” coordination also 
causes a large upfield shift (1 80-200 ppm). Various exper- 
iments were performed to ensure that the nonspecific factors 
(factors unrelated to the quadrupolar effect of 170) do not 
dominate the results, although a small contribution from them 
cannot be ruled out. The experimental problems and the 
detailed mechanism of the line-broadening effect in I7O NMR 
are discussed. 

However, the most important and ubiquitous metal ion in 
enzyme-catalyzed phosphoryl transfer reactions is Mg2+ which 
is neither paramagnetic nor substitution inert. There is so far 
not a direct and unambiguous method to observe the binding 
of diamagnetic metal ions with nucleotides even in nonenzy- 
matic systems. In this paper we propose a new approach by 
use of 1 7 0  NMR to study such problems. 

Although other methods such as IR (Brintzinger, 1963) have 
been employed, the most widely used method is 31P NMR. On 
the basis of 31P chemical shift changes, Cohn & Hughes (1 962) 
first reported that MgATP is a P,y-bidentate (upon binding 
with Mg2+ at  pH 8.0, the Pa signal shifts only 0.2 ppm 
downfield whereas the Pb signal shifts 2.2 ppm downfield and 
the Py signal shifts 0.5 ppm downfield; the coupling constants 
Jab and Jb7 both decrease from 20 to 15 Hz). However, on 
the basis of essentially the same 31P NMR data, Kuntz & 
Swift (1973) have concluded that the MgATP is an a,P,y- 
tridentate whereas Tran-Dinh et al. (1975) have concluded 
that the MgATP is a P-monodentate. Gupta & Mildvan 
(1 977) have argued that since the chemical shift and coupling 
constant of the Pa signal of ATP behave quite similarly to those 
of the Pa signal of ADP, and since MgADP is believed to be 
an a$-bidentate, the Mg2+ should also interact with the a- 
phosphate of ATP. Recently Ramirez & Marecek (1980) 
suggest that MgATP is a mixture of a$-, &y-, and a,y-bi- 
dentates, whereas Bishop et al. (1981) suggest that MgATP 
is predominantly an a,P,y-tridentate. 

The criticism to the 31P chemical shift method is best 
presented by Jaffe & Cohn (1978). They have pointed out 

I Abbreviations: 0, oxygen-16; 0, oxygen-17; Pi, inorganic ortho- 
phosphate; AMP, adenosine 5’-phosphate; ADP, adenosine 5’-di- 
phosphate; ATP, adenosine 5’-triphosphate; AMPS, adenosine 5’-thio- 
phosphate; ATPB,  adenosine 5’-(2-thiotriphosphate); ATPyS, adenosine 
5’-(3-thiotriphosphate); PEP, phosphoenolpyruvate; EDTA, ethylenedi- 
aminetetraacetate; S/N,  signal/noise ratio; DE, preacquisition delay; CD, 
circular dichroism. 
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that there is no compelling reason for expecting the magnitude 
of the chemical shift change to be related to the site of Mg2+ 
binding, since the magnitude of the chemical shift change has 
been shown to be unrelated to the site of binding of a proton 
(Myers, 1967; Tran-Dinh & Raox, 1977). 

In our recent paper (Tsai et al., 1980) which discusses the 
general applicability of the ,lP(170) NMR method, we have 
shown that Mg2+ causes the 170 NMR signal of [y-I7O3]ATP 
to broaden and decrease at a low magnetic field and suggested 
that the method could be very useful to resolve the MgATP 
problem. In the present paper we report the details of the 170 

NMR method, the results on the study of Mg2+ binding with 
I70-labeled AMP, ADP, and ATP at different magnetic fields, 
and various control experiments including the use of substi- 
tution-inert Co3+ complexes. 

Rationale 

possesses an 
electric quadrupole moment eQ. The dominant relaxation 
mechanism for quadrupolar nuclei comes from interactions 
of eQ with an electric field gradient eq at the nucleus and the 
modulation of these interactions by rotational motion (James, 
1975). In the extreme narrowing conditions, Le., very fast 
molecular motions with respect to resonance frequency, which 
is the case for small molecules in solution, the contribution 
of nuclear quadrupole relaxation to the relaxation rate can be 
expressed as (Abragam, 196 1 1 

I 

A nucleus with nuclear spin I greater than 

5% =---- z- 
1 1  - 

m m  

where e2qQ/h is the quadrupole coupling constant, q is the 
asymmetry parameter, and 7, is the rotational correlation time. 

It is well established that the NMR signal of a quadrupolar 
ion broadens upon binding with macromolecules, presumably 
due to changes in both the electric field gradient eq (or the 
quadrupolar coupling constant e2qQ/ h) and the rotational 
correlation time 7, (James, 1975; Wuthrich, 1976). Such a 
line-broadening effect has been widely used to study binding 
problems of quadrupolar ions (Villafranca & Raushel, 1980; 
Bryant, 1978). For example, it has been shown that the NMR 
signal of 2sMg2+ broadens upon binding with ATP (Magnusson 
& Bothner-by, 1971; Bryant, 1972). 

Our approach is to label the nucleotides with 170 at various 
positions and observe the effect of binding with diamagnetic 
metal ions on the 170 NMR signal. 

Materials and Methods 
Materials. The H2170 (52.8% and 52.4%) was obtained 

from Monsanto. The puratronic grade (99.999% pure) Mg- 
(NO,),, Ca(N03)*, Zn(NO,),, Cd(N03),, and MnCI, were 
purchased from Ventron Co. Carbamate kinase (Strepto- 
coccus faecalis; 700-1000 units/mg) was purchased from 
Sigma. Myokinase (rabbit muscle, 360 units/mg) and pyru- 
vate kinase (rabbit muscle, 200 units/mg) were obtained from 
Boehringer. Other enzymes were obtained as previously de- 
scribed (Tsai et al., 1980; Tsai, 1980). Other biochemicals 
were obtained from Sigma or Boehringer. DEAE-Sephadex 
A-25 was purchased from Pharmacia. Other chemicals used 
were of reagent grade or highest purity available commercially. 

Preparation of l70-labe1ed Nucleotides. [ y-1703]ATP (111) 
(40 atom % l70) was prepared as previously described (Tsai 
et al., 1980). [a-”02]AMPS (X) (49 atom % l70) was 

Scheme 1 
17 

Isocyanate P O4 v 

Scheme 11 

I .  P ’ 7 0 ~ ~ 3  ATP(trqce) 5DP(trace) .- 
Adenosine *dFp tar03,1 AMP Myokinase ! E r O l A D P  

I .  (+o,2 POCI Myokinase Pyruvate kinase 
2. PO$ 

Ca 17 -02 ,ap-03ATP 17 

prepared as previously described for the synthesis of [a- 
1802]AMPS (Tsai, 1980). [ Y - ” O ~ ] A T P ~ S  (IX) (35 atom % 
I7O) was prepared from PS1703,- according to the procedure 
previously used for the preparation of [y-1802]ATPyS (Tsai, 
1980). 

Scheme I summarizes the synthetic procedure of [p-  
702,py-  170] ATP (11) and [p-1703] ADP (V). [ (3- 1703] ADP 

(V)  (40 atom 9% 170) was prepared according to the procedure 
of Cohn & Hu (1980) for the preparation of [/3-180,]ADP, 
except that the isolated byproduct [/3-1702,/3-y170,y-1703]ATP 
was converted back to two molecules of [P-1703]ADP by 
transferring the y-PI7O3 group to AMP catalyzed by adenylate 
kinase. Product V from all fractions was combined together. 
[P-1702,/3y-170]ATP (11) was obtained from V by reacting 
with phosphoenolpyruvate (PEP) catalyzed by pyruvate kinase. 

[ c ~ - ~ ~ O , ] A M P  (VI) (38 atom % 170), [a-1702]ADP (IV) 
(40 atom % I7O), and [a-1702,aP-170]ATP (I) (38 atom 9% 
I7O) were prepared according to the procedures summarized 
in Scheme 11. P170C13 was prepared from PCl, and H2170 
by the procedure of Abbott et al. (1979). Reaction of PI70Cl3 
with adenosine (free acid, suspended in anhydrous triethyl 
phosphate) in a 1:l ratio followed by hydrolysis with H2170 
(2 times excess in equivalent amounts) at room temperature 
gave [(u-’~O,]AMP. The reaction mixture was evaporated 
under vacuum to remove HCl, then neutralized with NaOH, 
and separated by the DEAE column (ammonium bicarbonate). 
The purified [a-1703]AMP was converted to [ L Y - I ~ O ~ , L Y ~ -  
170]ATP by incubation with trace ATP, excess PEP, and 
myokinase and pyruvate kinase, followed by chromatograph 
in a DEAE column (triethylammonium bicarbonate). [a- 
1702,aP-170]ADP has also been isolated as a byproduct which 
has been used in some preliminary study. 

The [cx- ’~O~]ADP (IV) was prepared from [a-1703]AMP 
according to the procedure used for the synthesis of ADPaS 
from AMPS (Eckstein & Goody, 1976). The pyridinium salt 
of AMP was first reacted with diphenyl phosphorochloridate, 
followed by treating with nonlabeled PO4,-. 

The [p- 170243,py- 1702] ATP (VII) and [p-’ 703,aP- ’ 70] - 
ADP (VIII) are available from previous work (Tsai, 1979). 

The atom % 170 enrichment for the above-labeled nucleo- 
tides was determined either by the integration method of Tsai 
(1  979) (assuming each labeled position is equally enriched) 
or by determining the ‘*O enrichment in the residual signal 
of n ~ n - ~ ’ O  species. The l 7 0  enrichment can then be calculated 



B I N D I N G  O F  A D E N I N E  N U C L E O T I D E S  W I T H  M G ~ +  

on the basis of the known 170/'80 ratio in the [170]water used. 
The procedures of Cornelius et al. (1977) were used to 

prepare the following substitution-inert Co3+ complexes of 
170-labeled nucleotides: C O ( N H ~ ) ~ [ ( Y - ~ ~ O ~ ] A D P  (a,@-biden- 
tate:) (XIV); Co(NH3), [o-1703]ADP (a$-bidentate) (XV); 
CO(NH~),[(Y-~~O~,~~-~~O]ATP (&y-bidentate) (XI); Co- 
( NH3)4 [ o- 702,0y- 70] ATP (P,y-bidentate) (XII); Co- 
(NH3)4[y-1703]ATP (P,y-bidentate) (XIII). The product was 
identified by 31P NMR. The complex always slowly decom- 
poses. The purity was determined to be 8590% by 31P NMR 
after 1 7 0  experiments. 

Preparation of NMR Samples. The concentration of NMR 
samples varies from 25 to 100 mM, which is specified in tables 
and figures. D 2 0  was used as the solvent in all cases. Unless 
specified, all samples were prepared at pD 7.6. The pD values 
represent the direct reading on the pH meter without cor- 
recting for the deuterium isotope effect. All glasswares were 
soaked with an EDTA solution before use. Samples were 
treated with Chelex-100 for 20 min, except that the Co3+ 
complexes were treated for only 2 min to avoid decomposition. 
All samples, unless otherwise specified, contained 2% EDTA 
(relative to the nucleotide concentration). The metal ion 
solution was prepared by dissolving the puratronic grade metal 
nitrate (with one exception, manganese chloride) in D 2 0  (2.04 
M) and adjusted to pD 7.6 with NaOD. The solution of 
metal-nucleotide complexes was prepared by adding the 
calculated volume of the metal ion solution into the nucleotide 
solution. NaOD and DCl were used to adjust pD in pD-de- 
pendent studies. In most cases a 31P NMR spectrum was taken 
after 1 7 0  experiments to ensure the sample purity. In addition, 
we found that Mn2+ broadened both the nucleotide signal and 
the solvent signal appreciably, whereas diamagnetic metal ions 
had a much smaller effect on the solvent signal. The above 
controls ensured that the reported results were not dominated 
by paramagnetic impurities. 

NMR Parameters. The following instruments have been 
used for 170 NMR: Varian FT-80 (1.88 T, 10.85 MHz) 
(deuterium lock, spinning, 1-mL sample); JEOL FX-90Q (2.1 1 
T, 12.2 MHz) (deuterium lock, spinning, 1-mL sample); 
Bruker CXP- 180 in Dr. Fiat's laboratory (4.22 T, 24.4 MHz) 
(nonspinning, 1-mL sample); Bruker WP-200 (4.67 T, 27.1 1 
MHz) (spinning, 1.5-mL sample, deuterium lock); NSF-250 
of the NSF Regional Facility at the University of Illinois (5.87 
T, 33.9 MHz) (sideway spinning, 1-mL sample in a microcell 
made of Teflon); Bruker CXP-300 (7.05 T, 40.67 MHz) 
(nonspinning, 1.5-mL sample) at Procter and Gamble; EO-360 
in Dr. Oldfield's laboratory (8.46 T, 48.8 MHz) (nonspinning, 
0.5-mL sample). All experiments were done at ambient tem- 
perature unless specified. The chemical shifts reported are 
relative to external H2I7O, with the positive sign representing 
a downfield shift. 

The following instruments have been used for 31P NMR: 
Varian FT-80 (1.88 T, 32.4 MHz); Bruker WP-200 and 
Nicolet NTC-200 (4.70 T, 80.98 MHz); Nicolet NTC-360 
(8.46 T, 145.76 MHz); Nicolet NTC-470 (11.04 T, 190.26 
MHz). Deuterium lock was used in all cases. The purpose 
of 31P NMR experiments in this work can be divided into three 
categories: (a) routine analysis for sample purity, (b) analysis 
of 170 enrichment based on integration (Tsai et al., 1980), and, 
(c) analysis of 170 enrichment based on the l 8 0  isotope shift 
(Cohn & Hu, 1978) and the known ratio of 170/180. 

Data Analysis of 170 NMR. Several important points 
should be encountered in the interpretation of 170 NMR re- 
sults. (1) Not every 170 nucleus will give an observable signal. 
A signal may be too broad to be detected, depending on the 
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power of the instrument, the DE value used, and the sample 
concentration. A very short DE (0-50 ps) should be used for 
a very broad signal (>lo00 Hz). However, use of a short DE 
inevitably will result in a rolling base line (Canet et al., 1976). 
The high-power probe of the Bruker CXP-300 spectrometer 
was found most suitable for the present work. (2) The relative 
peak intensity may not represent the relative concentration 
of different species unless they happen to have the same line 
width. (3) Binding of diamagnetic metal ions causes the 170 

NMR signal of nucleotide to "broaden" and "decrease". Only 
the broadening can provide a quantitative measure of the 
binding effect. The signal "decrease" is dependent on in- 
strumental conditions. 

Results and Discussion 
Binding of M$+ with Adenine Nucleotides. The major 

advantages of the 170 NMR method over the previously used 
31P chemical shift method are that I7O NMR directly observes 
the 170 nucleus which is directly involved in binding and that 
the quadrupolar effect is mainly intramolecular and is sensitive 
to the close environment of the 1 7 0  nucleus. We have therefore 
prepared the following 170-labeled adenine nucleotides for 170 

NMR study: 
0- 0 

I I1 II 
O=P-o-P--'70-P-OAd 

I I 
0- 0- 17A- 

I ,  [ 'Y- '~O,  ,(YO-' 'OIATP 
"0- o 0 

I II II 
170=P-O-P - 0-P-OAd 

0- "0 

I II 
O=P-0-P-OAd 

I I 
0- 0- 

170- I 
111, [-(-"O,]ATP 
170- 0 

I I1 
170=P-O-P-OAd 

I I  
"0- O- 

I 
0- 

I I 
0- 170- 

"0- 0 0 
II II 

S=P-O-P- O- P-OAd 

I 
0- 

I 
0- 

I 
170- 

IX, ['Y-'~O,]ATPYS 

I 170- I 
IV, [(Y-"O,]ADP 

170- 

I 
'%E P- OAd 

VI, [cr1'03]AMP 

170=k-170- P-OAd 
il "0 - 

I 
17;- 0- 

VIII, [I~-~~O,,(YP-"O]ADP 
170- 

I 
S = P-OAd 

I 
170- 

X, [(Y-'~O,]AMPS 

Figure 1 shows the titration curve of the A 0  of [y-1703]ATP 
(111) vs. the ratio [Mg2+]/[ATP] in a low magnetic field 
(1.88T, 10.85 MHz). The A 0  of I11 increases approximately 
linearly up to [Mg2+]/[ATP] = 1 .O. The reason for the small 
increase in A 0  after [Mg2+]/ [ATP] > 1 .O is not clear. In the 
following discussion the "complex" refers to a 1:l ratio of 
[metal] / [nucleotide], unless otherwise specified. 

Figure 2 shows the high-field (40.67 MHz) 170 NMR 
spectra of nucleotides I-V and their Mg2+ complexes obtained 
in the high-power probe of the CXP-300. In all cases the 
sharper signal is due to the solvent (D20) and the broader 
signal due to nonbridge 1 7 0  of nucleotides. The signal of 
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FIGURE 1: I7O line widths of [y-I7O3]ATP (111) as a function of 
Mg(N03)2 concentration at low field (1.88 T, 10.85 MHz). Sample 
condition: 25 mM in DzO, pD 7.6. Spectrometer (Varian FT-80) 
condition: 1K data points, sweep width 8 KHz, DE = 200 p s ,  deu- 
terium lock, recycle time 120 ms, line broadening 10 Hz. The spectra 
of this experiment are shown in Figure 5B. The PO in the plot has 
not been corrected for exponential multiplication and Jpa. 

Table I:  Summary of ”0  NMR Results in 
Me2’-Nucleotide Interactions 

spectrometer 
paramc tcrs 

position concn freq D t  
nucleotide obsd compd (mM) (MHz) (gs) R v h e s  

ATP CY 

ATP cy 

ATP CY 

ATP cy 

ATP CY 

ATP F 
ATP P 
ATP P 
ATP P 
ATP P 
ATP P 
ATP Y 
ATP Y 
ATP Y 
ATP Y 
ADP cy 

ADP CY 

ADP ff 
ADP ff 

ADP P 
ADP P 
ADP P 
ADP P 
ADP P 
ADP P 
AMP cy 

I 
I 
I 
I 
I 

I1 
I1  
I1 
I I  

VI I 
VI1 
I l l  
111 
Ill 
Ill 
IV 
IV 
IV 
IV 
V 
V 
V 
v 

VI11 
VI11 

VI 

25 
45 
25 

100 
I00 
25 
45 
45 
25 
25 
25 
25 
45 
25 
25 
25 
4 s  
4 s  
25 
25 
45 
45 
25 
25 
25 
25 

40.67 
33.9 
27.1 1 
24.4 
12.2 
40.67 
33.9 
33.9 
27.1 1 
48.8 
10.85 
40.67 
33.9 
27.11 
10.85 
40.67 
33.9 
33.9 
27.1 1 
40.67 
33.9 
33.9 
27.1 1 
48.8 
10.85 
10.85 

10 
400 

1 

50 
10 

400 
100 

1 

200 
10 

400 
1 

200 
I O  

400 
100 

1 
10 

400 
100 

1 

200 
200 

1.1 
0.9 
0.7 
0.9 
0.8 
I .4  
1.7 
2.0 
1.7 
1.4 
1.4 
2.5 
1.8 
2.1 
1.8 
1.2 
1.7 
1.8 
1.3 
2.2 
2.0 
2.0 
1.4 
1.6 
1.7 
0.4 

P U P  bridge I7O is not readily detectable2 (Tsai et al., 1980). 
Table I summarizes the results from Figure 2 and the ex- 
periments with nucleotides I-VI11 on other spectrometers 
under various conditions. 

In Table I, the “line-broadening effect” in I7O NMR is 
measured by the defined “R” value: 

AOb- AQf 
R =  (2) 

AOf 

* There is a piece of evidence for the bridge 170 signal at  120-125 
ppm, with A 0  = 1600 Hz. The signal becomes obvious at  elevated 
temperatures. However, since it is partially overlapped with the non- 
bridge I7O signal, it is to be further confirmed by singly labeled nu- 
cleotides. 

r r 1 1 I 

200 150 100 50 0 -50 
CHEMICAL SHIFT : ppm 

1 1  1 1  r 1 1  1 1 7  8dOO 6000 4000 ’ 2000 0 -2000 

FIGURE 2: I7O NMR s ctra at 40.67 MHz showing the “line- 

I-V. Sample condition: 25 mM in D20, pD 7.8. Spectrometer 
parameters (CXP-300): 4K data points, sweep width 50 kHz, DE 
= 10 ps, recycle time 110 ms, line broadening 120 Hz, unlocked, 
nonspinning, 2000-5000 transients. The sharper peak at -3 ppm is 
due to solvent. 

where AOf and A@ represent the “corrected” 170 line widths 
for the free and bound nucleotides, respectively. The 
“correctedn line widths AO, and AO, are obtained by sub- 
tracting from the measured line widths at  half-height the 
line-broadening factors unrelated to the quadrupolar effect: 
the artificially applied exponential multiplication, the field 
inhomogeneity due to the nonspinning mode used in some 
experiments, and the broadening due to 31P-170 spin-spin 
coupling which is approximated as 110 Hz on the basis of the 
data obtained for a number of adenine  nucleotide^.^ Possible 
changes in Jp+ upon coordination have not been considered. 
The experiments at  24.4, 40.7, and 48.8 MHz were done in 
a nonspinning mode; therefore the observed line widths are 
further corrected for additional 50 Hz due to field inhomog- 
eneit y . 

The results in the last column of Table I show that Mg2+ 
interacts approximately equally with the a-phosphate (R = 
1.2-1.8) and &phosphate (R ;= 1.4-2.2) of ADP and the 
@-phosphate (R = 1.4-2.0) and y-phosphate ( R  = 1.8-2.5) 

HZ 

broadening effect” of Mg 2 p e  coordination for the ‘70-labeled nucleotides 

J. A. Gerlt, P. C. Demou, and S. Mehdi, private communication. 
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FIGURE 3: Effect of Mg2+ on the ‘’0 N M R  spectra of [cY-’~O~,CY@- 
170]ATP (I) in a low magnetic field (2.1 1 T, 12.2 MHz). Sample 
condition: 100 mM in D20, pD 7.6. Spectrometer (JEOL FX-90Q) 
condition: Sweep width 10 kHz, 1 K data points, DE = 50.5 ps, 
deuterium lock, line broadening 10 Hz, recycle time 160 ms, 10000 
transients. The sharper peak at -3 ppm is due to solvent. 

of ATP. The Mgz+ ion also interacts with the a-phosphate 
of ATP but to a somewhat smaller extent ( R  = 0.7-1.1) than 
its interaction with @- and y-phosphates. The results of Mgz+ 
coordination with the a-phosphate have been reproduced in 
five different instruments. Figure 3 shows the low-field 170 
NMR spectra for the titration of [a-1702,a@-’70]ATP with 
Mgz+. These results indicate that the a-phosphate of ATP 
is involved in the interaction with M?’. 

Quantitation and Uncertainty of the Results. The results 
in Table I should not be overinterpreted. MgATP can have 
seven different structural isomers (a-, @-, and y-monodentate, 
a,@-, @,y-, and a,y-bidentate, and a,@,?-tridentate). Since 
the a phosphorus and @ phosphorus are prochiral centers, it 
is possible to have two stereoisomers for the a-monodentate, 
the @-monodentate, the @,y-bidentate, and the a,y-bidentate 
and four stereoisomers for the a,@-bidentate and the a,@,y- 
tridentate. Therefore the MgATP can be a mixture of 17 
different stereoisomers. The results in Table I give only the 
macroscopic view of the MgATP structure. It is not possible 
at  this stage to determine whether MgATP is a mixture of 
@,y-bidentate and a,@,y-tridentate, or others. 

In addition to this complexity, there is also some limitation 
in the methodology. First, the accuracy in the A 0  depends 
on the S/N ratio and on the spectrometer used. It can be 
accurate within &5% for sharper signals, but the error can be 
as large as f10-20% for very broad and distorted signals. 
Therefore the R values in Table I should be considered to be 
accurate only within f20%. 

Second, could the observed “line-broadening effect” be due 
to some nonspecific factors such as “pH”, “exchange 
processes”, “viscosity”, or even an “increase in Jp4” upon 
chelation? 

Third, the mechanism of the line-broadening effect is far 
from clear. Some obvious questions are the following: ( 1 )  
Is the effect specific to the site of binding at different phos- 
phate groups? Within the same phosphate group, how do the 
two (or three at the terminal phosphate) prochiral oxygens 
behave differently upon chelation? (2) Is the magnitude of 
R values related to the extent of binding? To the formation 
constant of the complex? To the distance between the metal 

1 1 ,  I # , ,  

100 0’ -100 
CHEMICAL SHIFT,  pprn 

, 
4000 0 -4000 

H Z  

FIGURE 4: I7O N M R  spectra of the Co3+ complexes XI, XIV, and 
XV at 40.67 MHz. Sample conditions and spectrometer conditions 
are same as those of Figure 2. 

ion and the oxygen? (3) Is 7, or e2qQ/h the major factor 
which changes upon coordination? 

In the following sections we present results which shed light 
on some of the above questions and show that nonspecific 
factors should not dominate the results in Table I, although 
they may have affected the R values to a small extent. 

Use of Substitution-Inert Co3+ Complexes to Establish Site 
Specificity. To unequivocally establish the site specificity of 
the line-broadening effect in I7O NMR, we prepared the 
following diamagnetic substitution-inert Co3+ complexes of 
ATP (@,y-bidentate) and ADP (a,@-bidentate) (Cornelius et 
al., 1977; Cleland, 1982): 

0 -  0 ’ ’0 e- 170 3 

I I1 II I I1 II 
0=P-O- P -“O - P-OAd O=P-170--p-@-P-QAd 

XI XI1 

0- ”0- 0 0 0 

‘ 7 @ = P - O - P - Q - P ~ A d  I II II O=P-O-P-OAd I II 
I 17 I 
9- 4)- -5 ,, $ 

co3+ 

XI11 XIV 

I 
0- 
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Table 11: Summary of "0 NMR Results of Co3+ Complexes' 

parameters line widths 
spectrorne tcr 

labeled temp freq D1: ( H Z )  

complex ( O f )  (MHz) ( / . t S )  AOfb AObC R 

XI 40.67 10 520 640 0.23 
33.9 400 700 760 0.08 

65 27.11 I 245 310 0.26 
30 27.11 1 680 635 -0.07 

XI1 65 27.11 1 210 1080 4.1 
XI11 40.67 10 240 1040 3.3 

30 27.11 1 235 1030 3.4 
65 27.11 1 120 705 4.8 

XI v 40.67 10 430 1270 2.0 
65 27.11 1 165 865 4.2 

xv 40.67 10 225 1310 4.8 
30 27.11 1 230 1080 3.7 

a Sample conditions: 
specified temperature. 
nucleotides, corrected for artificial broadening and .Ip-o. 

XI which has only one sipnal. 

25 mM in D,O, pD 7.8, at ambient or 
Obtained from the corrcsponding free 

Obtained from the upfield signal of Co3+ complexes, except for 

Figure 4 shows the 40.67 MHz I7O NMR spectra of some 
Co3+ complexes (XI, XIV, and XV). Table I1 summarizes 
the line widths and R values of all Co3+ complexes from Figure 
4 and other experiments. 

In XI, the a-I70 is not directly coordinated, and the I7O 
NMR of XI shows little variation in both A 0  and chemical 
shift from that of the corresponding free nucleotide I. For all 
other complexes, in which there is a direct coordination, a 
downfield and an upfield peaks are observed, presumably due 
to 170=P-O- ... Co3+ and O=P-170- ... Co3+. The 
downfield peak is slightly shifted (1-9 ppm) from the free 
nucleotide signal and slightly broadened. The upfield signal 
is greatly shifted (180-200 ppm) from the free nucleotide 
signal and extensively broadened. Since the upfield signal is 
very broad (>lo00 Hz), it was readily observed only with the 
CXP-300 spectrometer and with the WP-200 when a short 
DE (1 p s )  or a high temperature (60 "C) was used. 

The effect of chemical shifts will be discussed in a later 
section. The results in Table I1 establish the "site specificity" 
of the line-broadening effect. The large difference in the R 
values among different complexes should not be overempha- 
sized. The AO,, of the broad (upfield) signal is not so variant. 
It is the difference in the A 0  of free nucleotides which makes 
the R values different. Whether the R values or the absolute 
AO, is a better reflection of binding (in both Co3+ and Mgz+ 
complexes) remains to be established. 

Effect of Different Metal Ions. In order to enhance the 
understanding of the mechanism of the line-broadening effect, 
we have further compared the effect of different metal ions. 
Figure 5 shows the effect of Ca2+, Mg2+, Zn2+, and Cd2+ on 
the I7O NMR signal of [ y t 7 0 3 ] A T P  (111) at a low magnetic 
field, which shows the qualitative order of line-broadening 
effect: Ca2+ i= Mg2+ < ZnZ+ < Cd2+. The effect of different 
metal ions seems to qualitatively parallel the formation con- 
stant. The known pK values for the formation constant of 
metal-nucleotide complexes are ZnATP (4.9) > MgATP (4.2) 
= CaATP (4.0) > MgADP (3.2) > MgAMP (Eichhorn, 
1972). Our observed order of the line-broadening effect is 
ZnATP > MgATP ;5 CaATP x MgADP > MgAMP. The 
R value for the 1:l mixture of Mg2+ and [a-I7O3]AMP (VI) 
is only 0.4. Whether such a correlation is general or fortuitous 
is yet to be established by a more quantitative study. 

In Figure 5A, the i70 NMR signal of 111, after being 
broadened by CaZ+. is restored by adding excess EDTA. The 

FIGURE 5 :  Low-field 170 NMR spectra of [y-1703]ATP (111) showing 
the effect of Ca(N03)2 (A), Mg(NO& (B), Zn(N03)* (C), and 
Cd(N03)2 (D). Sample condition: 25 mM in D,O, pD 7.6 .  Spec- 
trometer (Varian FT-80) condition: same as that of Figure 1,40000 
transients for all spectra except the last two spectra in (B) which have 
200 000 transients. 

same effect has been found in many other cases. Thus, the 
possible viscosity change upon addition of metal salts can 
contribute little, if any, to the observed line broadening. 

The same qualitative order (Ca2+ - Mg2+ < Zn2+ < Cd2+) 
has also been observed in binding with [CY-'~O~]AMPS (X),  
where the enhanced effect of Zn2+ and Cd2+ could be due to 
their affinity to sulfur (Jaffe & Cohn, 1979). It implies that 
a "direct coordination" may not be required for line broadening 
within the same phosphoryl group, as also suggested by the 
small broadening in the I7O signal of I7O=P-O- ... Co3+. 
The nature of such a broadening remains to be further in- 
vestigated. 

Effect of Exchange Processes. In all Mgz+ complexes only 
one signal has been observed. It remains to be established 
whether this signal is an average of "O=P-O- ... Mg2+ and 
O=P-I7O- .., Mg2+ or represents only one of them (the other 
signal might be too broad to be detected). The exchange rate 
of MgATP has been found to be 2 X (Bryant, 1972) or 
1.2 X s-l (Diebler et al., 1960), which could be on the 
intermediate or slow exchange side on the basis of the sepa- 
ration between the two signals in Co3+ complexes. However, 
it is possible that Mg2+ may exchange rapidly between the two 
(or three) prochiral oxygens without being dissociated from 
the nucleotide. In addition, there are 17 possible isomers, and 
the theory of the NMR relaxation times in the presence of 
chemical exchange is quite complicated for quadrupolar nuclei 
(Swift & Connick, 1962; Marshall, 1970; Collins et al., 1973). 

It is therefore not possible for us to quantitatively define 
the effect of exchange processes on the results in Table I. 
However, we present evidence which suggests that our results 
should not be dominated by such processes. (1) The exchange 
rate of CaATP is known to be >lo5 s-' (Diebler et a]., 1960). 
On the other hand, the Co3+ complexes are substitution inert. 
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FIGURE 6:  170 N M R  spectra of [P-1703,a/3-170]ADP and its Mg2+ complex. (A) At low field (1.88 T, 10.85 MHz), sample condition: 25 
mM in D20, pD 7.6. Spectrometer (FT-80) condition: same as that of Figure 1 .  (B) At high field (8.46 T, 48.8 MHz),  sample condition: 
25 mM in D20, pD 7.6. Spectrometer (EO-360) condition: unlocked, nonspinning, 90-7-180-7 spin-echo sequence, recycle time 120 ms, 
line broadening 50 Hz, sweep width 20 kHz, 4K data points, 16000 transients. 

Table 111: "0 Chemical Shifts of Adenine Nucleotides a t  pD 7.8 - 
s (co3+ cornp1ex)d 

6 downfield upfield 6 
compd nucleotide position (free nucleotide) signal signal ( ~ g * +  complex)d 

I ATP 
I1 ATP 

I11 ATP 
IV ADP 
V ADP 

VI A M P  
X AMPS 

IX ATPyS 

96a 95 (-1) 94 (-2) 
102a 105 ( + 3 )  -81 (-183) 97 ( -5 )  
1 06a 115 ( t 9 )  -89 (-195) 102 (-6) 

97a 98 ( t 1 )  -82  (-179) 91 (-6) 
107a 113 (+6) - 89 (- 196) 104 (-3) 
103 
146 b*c 
156 

a Obtained from the WP-200 spectrometer at 30 "C. The estimated error is 21  ppm for sharper signals and ? 2  ppm for broader signals. 
Obtained from the Varian 1:T-80 spectrometer. Itstimated error: 2 2  ppm. A pH profile has been obtained, which shows a shift from 

120 to 146 ppm upon deprotonation of the monoanion to the dianion, with an inflection point at pD 5.3.  
shifts relativc to free nucleotides. 

Numbers in parentheses are 

- 
Thus, the line-broadening effect is present in complexes in the 
slow-exchange limit (CoATP), in the intermediate range 
(MgATP), and in the rapid-exchange limit (CaATP). (2) For 
Me2+ complexes which may possibly be in the intermediate 
range, the results in Table I do not show an appreciable de- 
pendence of R values (within the &20% experimental error) 
on the magnetic field strength from 1.88 to 8.45 T. Figure 
6 shows the I7O NMR spectra of [&'703,~P-170]ADP and 
its Mg2+ complexes at low field (10.85 MHz, 1.88 T) (Figure 
6A) and at high field (48.8 MHz, 8.45 T) (Figure 6B). These 
results suggest that the observed line-broadening effect is not 
dominated by chemical exchange processes, regardless of 
whether there is another broader undetected signal in Mg2+ 
complexes. 

fyfect ofpH. Figure 7A shows the low-field (10.85 MHz) 
I7O NMR spectra of [I7O4]Pi as a function of pH, which 
indicate that the A 0  (uncorrected for JP4, which may be pH 
dependent) is constant within 240 Hz (f8%). The A 0  of 
[y-I7O3]ATP (111) is also constant within 390 Hz (M%) at 
27.1 1 MHz from pD 1.5 to 10.2 at  30 "C, whereas the A 0  
of the Mgz+ complex of I11 seems to show a larger variation 
with pH, which is to be further investigated. Figure 7B shows 
the plot of 170 chemical shifts (60) vs. pH from the above 
titration experiments. In all cases protonation causes a 13-14 
ppm decrease in 6 0 .  The inflection points correspond well to 
those of the titration curves of 31P chemical shifts (Jaffe & 

Cohn, 1978; Tran-Dinh et al., 1975). However, the 170 
chemical shifts have a larger error due to a broader line width. 

It is not the main purpose of this paper to discuss detailed 
pH dependence of biophosphates. The results in Figure 7 
suffice to ensure that the line-broadening effect in I7O NMR 
is not due to a small variation in pH. The effect of metal 
coordination must be different from the effect of protonation 
in causing the I7O NMR signal to broaden. 

Chemical Shifts. The chemical shift theory of 170 NMR 
has been investigated quite extensively in other compounds 
(Rodger et al., 1978), but the real system may be more com- 
plicated since solvent interaction is often the dominating factor 
(Valentine et al., 1980). 

Is the chemical shift or the line width in 170 NMR a better 
reflection of coordination? Table I11 summarizes the chemical 
shifts of free nucleotides and their Mg2+ and Co3+ complexes. 
The Mg2+ ion causes a small (<6 ppm) yet reproducible up- 
field shift, but it remains to be confirmed that this is the 
average of two signals. Coordination by Co3+ causes a 
downfield shift (1-9 ppm) and an upfield shift (180-200 ppm). 
Although protonation of phosphates causes an upfield shift 
(as in Figure 7)  and metal binding is also predicted to induce 
shielding (Sadlej & Sadlej, 1974), the effect of Co3+ is sur- 
prisingly large. It is almost the most upfield I7O signal ever 
reported. It is most likely that the upfield signal is due to 
O=P-170- ... Co3+ whereas the downfield signal is due to 
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signal of all Mg2+ complexes. Another important reason for 
us to emphasize the line-broadening effect is that in macro- 
molecular systems the 170 NMR signal may not be observed 
due to quadrupolar broadening. In that case the I7O relaxation 
may be monitored by the 31P(170) NMR method (Tsai et al., 
1980). A “line-sharpening effect” has indeed been observed 
for most Mg2+ complexes in 31P(170) NMR, which indirectly 
supports that the “line-broadening effect” in I7O NMR is of 
quadrupolar nature rather than nonspecific (Tsai, 1982). 

The major drawback of the line-width approach is the 
quantitation. The quantitative relationship between the “R” 
value and the extent of binding remains to be established. 

Detailed Mechanism. According to eq 1, the I7O relaxation 
time Tq is determined by three factors: the asymmetry pa- 
rameter ?, the quadrupolar coupling constnat e2qQ/h, and the 
rotational correlation time T ~ .  Although it is well established 
that “binding” causes the oxygen T, to decrease, it is difficult 
at this stage to quantitatively define the contribution from each 
factor. Since 0 I 77 I 1, the effect of (1 + v 2 / 3 )  is generally 
small. In the case of the binding of quadrupolar ions to 
macromolecules, both e2qQ/h and 7, can change greatly 
(James, 1975; Wuthrich, 1976). In the present case, e2qQ/h 
is expected to be the major factor which changes upon binding, 
although an increase in the “local rotational correlation time” 
cannot be completely ruled out. The “molecular tumbling” 
is not expected to change greatly upon binding since the 
molecular size of metal-nucleotide complexes should not be 
quite different from that of free nucleotides. The “site 
specificity” established by Co3+ complexes has ruled out the 
molecular tumbling as the major factor which changes upon 
binding. However, it is not clear why the downfield peak in 
Figure 4 (due to 170=P-O- ... Co3+) is also slightly broad- 
ened. It may be caused by a combination of several factors. 

A complete understanding of the mechanism of the line- 
broadening effect would require independent measurements 
of 1, e2qQ/h and 7r, of singly (and stereospecifically) labeled 
nucleotides in case of Co3+ complexes. In other noninert 
complexes it can be more complicated. 

Conclusion 

We have presented a new approach by use of 170 NMR to 
study the binding of nucleotides with diamagnetic metal ions. 
Study of Mg2+ complexes with adenine nucleotides indicates 
that the a-phosphate of ATP is at least partially involved in 
the binding with Mg2+. By use of Co3+ complexes we have 
shown that both the line-broadening effect and the chemical 
shift effect of diamagnetic metal ions in 170 NMR is specific 
to binding sites. The I7O NMR method seems to be an ad- 
equate method to study the effect of binding, but the result 
is only semiquantitative at the present stage. The nonspecific 
factors (factors not related to the quadrupolar effect) should 
not dominate the results, but a small contribution by a com- 
bination of them cannot be ruled out. The possible effect of 
the self-association of nucleotides (Scheller et al., 1981) has 
not been considered. 

The conclusion of this work should be considered only as 
the most likely explanation of the results in order not to add 
confusion to the already controversial problem based on pre- 
vious 31P NMR studies. A more quantitative and fundamental 
investigation is still required, and new information may still 
be uncovered by advancement in instrumentation. 
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